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ABSTRACT

The distribution of insect herbivores among plant hosts is largely nonrandom: most herbivores
have limited sets of hosts within one or a few plant families. This host use specialization is
reinforced by traits that confer differential fitness across host plant species. Classic explanations
for herbivore specialization predict that evolutionary trade-offs reinforce these relationships by
imposing costs in the form of reduced potential fitness on alternative hosts, due to negative
genetic correlations in fitness across hosts. This prediction that trade-offs constrain host use in
herbivores can be tested with experimental evolution, by showing the direct evolutionary effects
of host manipulation on population mean fitness across hosts, or alternatively, with quantitative
genetic tests based on split-family experiments, which provide evidence for how genetic
architecture contributes to cross-host fitness relationships.
To date, selection experiments have demonstrated that herbivores, particularly
Tetranychus spider mites, can rapidly evolve increased fitness on initially challenging novel
hosts, but that these increases do not result in decreased fitness on the ancestral host.
However, effects on alternative hosts (neither the ancestral host or novel host on which
selection has occurred) remain unclear, and no studies have investigated the role that host
phylogenetic relationships have on mediating these multivariate cross-host effects. Further,
split-family experiments reveal that high fitness on one host does not entail low fitness on
another. However, the heterogeneity in effects has never been synthesized with meta-analysis.
Here, I used experimental evolution to test how populations of Tetranuchus urticae and
T. evansi responded to evolution on novel hosts, in terms of fecundity and development, across
ix

multiple host species, including the novel and ancestral hosts. Further, I tested the impact that
phylogenetic distance from the novel hosts had on these cross-host effects. I additionally
synthesized the results of split-family herbivory experiments to measure the impact that various
aspects of herbivore biology had on moderating the sign and magnitude of cross-host genetic
correlations in fitness.
In Chapters 2 and 3, I present evidence that increases in fitness observed on novel
hosts post-selection do not come with costs to fitness on alternative hosts in Tetranychus spider
mites. Contrary to the predictions based on classical explanations for herbivore specialization,
these findings indicate that increases in fitness can extend to alternative host species, though
the impact of phylogeny on these effects were unclear. These trends are consistent with the
results, presented in Chapter 4, of split-family experiments that I synthesized via meta-analysis,
which revealed largely positive correlations in cross-host fitness among herbivore genotypes,
except for among aphids. Further, I found that important aspects of herbivore biology, such as
adult fitness effects, the role of host preference, and complex trade-offs involving multiple traits,
were underemphasized in quantitative genetics studies of trade-offs in herbivores, and thus
represent significant gaps in research. Overall, my thesis emphasizes the importance of positive
cross-host effects of host selection, and points to aspects of herbivore biology other than
genetic constraints, such as mating success and predator escape, and the potential interaction
between these factors, that are key to explaining the maintenance of genetic variation among
herbivore populations.

x

CHAPTER ONE:
INTRODUCTION

The distribution of herbivores among host plants is largely nonrandom, with most insect
herbivores having narrow, phylogenetically conserved patterns of host use (Weiblen et al. 2006;
Futuyma and Agrawal 2009; Petersen et al. 2019). Classical explanations for herbivore
specialization assume that this narrow host use is due to antagonistic pleiotropy: alleles
conferring fitness on specific host species will be selected at the cost of those conferring fitness
on other hosts (Futuyma and Moreno 1988; Fry 1996). While Darwin (1859) speculated on the
developmental underpinnings of trade-offs within the context of artificial selection in
domesticated animals, it was MacArthur (1972) who aptly summed up the evolutionary impacts
of negative cross-host correlations in phenotype with the phrase “a jack of all trades is master of
none…”, given that “perfection in one involves reduced efficiency in another.” Futuyma and
Agrawal (2009) further demonstrate how negative cross-host genetic correlations are consistent
with Ehrlich and Raven’s (1969) model of adaptive radiation, as the strong selective pressure
exerted by plant phenotypes engendered tight associations with specific host lineages among
Lepidopterans.
Historically, quantitative genetics has provided an important framework for investigating
the role of evolutionary trade-offs in specialization (Fry 2003). Many of the earliest studies
investigating trade-offs in insect herbivores used split-family experiments to quantify the degree
to which fitness outcomes measured in different host environments varies among family lines
within a given population (e.g., Via 1984; Futuyma and Philippi 1987). Strong genotype-by-host
interactions entail negative genetic correlations in performance across different host species,
1

since rank order of performance exhibited by the different genotypes would be inverted from
host to host (Fry 1996). Not only do these studies provide some of the first evidence for whether
fitness on one host comes at the cost of another, but also whether populations evolving on
different hosts would also diverge genetically.
A dominant focus of these split-family experiments was on contrasting fitness outcomes
among herbivore genotypes on different hosts, to establish the prevalence of genotype-by-host
interactions, analogous to reciprocal transplant studies. In some studies, correlations between
different components of fitness were also measured to provide further insight on the genetic
architecture of host specialization (Via 1984; Forister et al. 2007). Here, significant positive
genetic correlations among different life history traits would engender high capacity for host
specialization, since synchronized responses to selection would provide a stronger selective
gradient in aggregate than randomly correlated responses (Forister et al. 2007).
A parallel and contemporary research approach was the use of experimental evolution.
Sometimes described as “laboratory natural selection,” these experiments operate under a more
deterministic framework, focusing on hypothesis-driven tests of phenotypic change among
populations evolving under imposed host selection (e.g., direct manipulation of host use), rather
than attempting to quantify the genetic architecture underlying such evolution (Fry 2003).
Though less numerous than split-family experiments, selection experiments are valuable since
they allow researchers to directly observe the effects of host use evolution over time, rather than
attempting to extrapolate such effects from a snapshot view of constraints imposed by genetic
architecture.
Since host species define such a large component of an herbivore’s environment,
providing food and structural habitat, they are an important driver of insect specialization
(Futuyma and Agrawal 2009). The intimacy of relationships between herbivores and their hosts
is apparent from many macroevolutionary examples of tight phylogenetic trends among
herbivores and their hosts (Ehrlich and Raven 1964, Weiblen et al. 2006, Futuyma and Agrawal
2

2009, Petersen et al. 2019). Because plants experience strong selection by herbivores,
pressure to innovate defensively is also strong, and the reciprocal evolution of defense and
offence has led to highly branched phylogenetic patterns of descent in both hosts and
herbivores (Futuyma and Agrawal 2009). Thus, effectiveness of specialized insect counterdefenses against host plant anti-herbivore defenses should be predicted by the host
phylogenetic relationships undergirding variation in these defenses, as demonstrated by
Rasmann and Agrawal (2011). However, addressing this link between host phylogeny and
herbivore trade-offs has been absent among quantitative genetic and selection experiments,
since to date the majority of these studies compare and contrasts outcomes on different hosts
species without a priori looking at how host phylogenetic conservatism can impact host
specialization.
The goals of my thesis are two-fold. First, in Chapters Two and Three, I use selection
experiments with generalist and specialist Tetranychus spider mite species to test whether
Rasmann and Agrawal’s (2011) phylogenetic distance hypothesis, which predicts that variation
in herbivore fitness across multiple hosts is explained by phylogenetic relatedness among hosts,
applies to rapid evolution on novel hosts. Second, in Chapter Four, I synthesize via metaanalysis herbivore split-family experiments measuring cross-host genetic correlations, to reach
a consensus on whether genetic constrains exist as predicted by host specialization trade-offs.
Through these chapters—which apply experimental evolution, phylogenetic, and quantitative
genetic approaches—I hope to shed light on whether the broad macroevolutionary trends of
host specialization observed among many plant-eating insects and mites are recapitulated by
observable microevolutionary trade-offs engendered by rapid evolution or genetic constraint.
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CHAPTER TWO:
CROSS-HOST EFFECTS OF EXPERIMENTAL EVOLUTION ON A
RAPIDLY EVOLVING GENERALIST HERBIVORE

Abstract
Theory on host use of herbivores assumes trade-offs in fitness across plant species, and that
specializing to one host species will negatively impact fitness on alternate or novel species.
However, finding this predicted trade-off empirically is challenging. Here I test the importance of
host phylogenetic history in moderating cross-host fitness trade-offs, by using experimental
evolution of Tetranychus urticae spider mites to specialize onto a novel host, Cucumis sativus
(cucumber), and then test fitness trade-offs across a phylogenetically-nested set of seven other
novel host species related to C. sativus. Prior to selection on C. sativus, we observed a baseline phylogenetic signal in fecundity biased towards C. sativus and close relatives. Specifially,
fecundity of spider mites was high on three of four cucurbit host species: C. sativus, Cucumis
melo (melon) and Cucurbita pepo (zucchini), as well as their original Gossypium hirsutum
(cotton) cotyledon host, and another non-cucurbit, Phaseolus lunatus (lima bean); but was
significantly lower on the remaining cucurbit host, Momordica charantia (bitter melon), and two
non-cucurbit hosts: Brassica oleracea (broccoli) and Capsicum annuum (green pepper). In a
multivariate context, cross-host fitness correlations with G. hirsutum were negative relative to
most host species except for C. sativus and P. lunatus, and repeatability of fitness was high on
G. hirsutum but inconsistent overall among other hosts. After selection on C. sativus, fecundity
of T. urticae was higher overall on all hosts, and lacked a significant phylogenetic signal to
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changes in fitness outcomes across hosts. Cross-host fitness correlations were also nearly all
positive with C. sativus, and the repeatability of fitness outcomes was moderate to high on all
three cucurbit hosts but poor on others. Overall, my results indicate that experimental evolution
on C. sativus increased T. urticae fecundity on C. sativus, as well as closely and distantly
related hosts in general, whereas populations of T. urticae continuously maintained on G.
hirsutum cotyledons only had significantly increased fecundity on G. hirsutum cotyledons but not
the remaining hosts. These findings suggest that, contrary to the predicted fitness trade-offs
expected to arise as a consequence of host specialization, selection for host use to one plant
species can have positive correlated effects on multiple host species.

Introduction
Early and key observations in plant–insect interactions emphasize how patterns of host use by
herbivores are shaped by taxonomic relationships among plants (Ehrlich and Raven 1964; Fox
and Morrow 1981)—with nearly 90% of insect herbivores studied having hosts from single to
few plant genera or families (Fox and Morrow 1981; Bernays and Garham 1988; Futuyma and
Mitter 1996; Futuyma and Agrawal 2009). Explanations for this pervasive host specialization
further emphasize how this broad pattern in host use exposes: (1) the evolutionary
conservatism in anti-herbivore traits among related plants (Fraenkel 1959; Ehrlich and Raven
1964; Futuyma and McCafferty 1990; Becerra 1997; but also see Bernays and Graham 1988),
(2) counter-adaptations of herbivores to these traits (Karban and Agrawal 2002), and (3) how
the reciprocal evolution of these defensive and offensive traits can generate broad
macroevolutionary trends (Ehrlich and Raven 1964; Futuyma and Agrawal 2009).
Early experiments on herbivore specialization first focused on linking macroevolutionary
trends to microevolutionary processes, either by using quantitative genetic experiments (e.g.,
full- or half-sibling split-family designs) to test for the predicted negative cross-host genetic
correlations in fitness among genotypes or family lines (e.g., Via 1984; Futuyma and Philippi
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1987; Fry 2003), or experimental evolution to manipulate selection on single host plants and
directly link this selection as a mechanism for generating fitness trade-offs (Gould 1979; Fry
1989; Agrawal 2000; reviewed by Kawecki et al. 2012). Other approaches aim to explain broad
patterns in host use by comparing fitness of herbivores across a diversity of hosts under
ecological and phylogenetic contexts. For example, Rasmann and Agrawal (2011) found a
negative linear relationship between herbivore fitness among multiple host species and the
respective phylogenetic distance of each of these hosts to a common, preferred host.
Although these three approaches explore herbivore fitness under different ecological
and phylogenetic contexts, they all share predictions on the potential negative effects of host
specialization. In particular, evolution of increased fitness on one host species will entail a cost
of decreased fitness on another (i.e., a fitness trade-off; see Futuyma and Moreno 1988; Fry
1989; Agrawal 2000; Futuyma and Agrawal 2009), and this host specialization may lead to the
evolution of traits that are functionally narrow, yield increased fitness on related plants with
similar traits (Combes 2001; Khokhlova et al. 2012), but are less effective on taxonomically
diverse plants with broad variation in traits (Krasnov et al. 2004). The ‘host phylogenetic
similarity’ hypothesis aims to combine these predictions (Rasmann and Agrawal 2011), and
proposes that the phylogenetic relatedness of host species will strongly predict fitness variation
across a diversity of hosts, including novel hosts sharing little or no recent evolutionary history
with a given specialist herbivore.
Here I explicitly test the ‘host phylogenetic similarity’ hypothesis and the role of host
phylogenetic relationships in predicting fitness trade-offs in herbivores by experimentally
manipulating the evolution of host specialization in Tetranychus urticae Koch (two-spotted
spider mites) and exploring consequences of this specialization in a host phylogenetic context.
Specifically, I measured changes in fecundity of T. urticae across a phylogenetically nested set
of host plant species in response to evolution on a novel host, Cucumis sativus L. (cucumber).
These host species―representing a range of closely vs. distantly related hosts (see Materials
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and Methods below)―were chosen to fit a nested phylogenetic design divided at three
taxonomic scales: (1) host species from the same genus, Cucumis, (2) species from different
genera within the family Cucurbitaceae, and (3) species from different families than the two
previous groups. This design maximizes detection of phylogenetic signatures in fitness tradeoffs should they occur (e.g., phylogenetic evolutionary history is in a predictable direction). My
goal is to test whether the degree of relatedness to C. sativus among these novel hosts is
predictive of the sign and magnitude of fitness trade-offs in populations of T. urticae after
multiple generations of evolution on cucumber. More explicitly, I predict fecundity to decrease as
the novel host becomes more and more phylogenetically distant to C. sativus.
My experimental evolution approach also seeks to answer why it is difficult to detect host
fitness trade-offs (Kawecki 2012), and why there is considerable variation in the direction and
magnitude of the trade-offs observed experimentally. For example, in contrast to predictions of
the effects of specialization (Via 1984), studies find that, even on distantly related hosts, crosshost genetic correlations in fitness are more often positive (e.g., Via 1984; Futuyma and Philippi
1987; Yano et al. 2001; Garcia-Robledo et al. 2012) or null (e.g., Carriere 1994; Keese 1998)
than negative (e.g., Via 1991; Mackenzie 1996; Fry 1996; Forister et al. 2007). However, these
studies typically do not explicitly assume that variation in the phylogenetic history of hosts can
be a potential source of heterogeneity among fitness contrasts and trade-offs. Here, I predict
that testing host fitness in a phylogenetic context can help address this heterogeneity, while also
offering some assurance against phylogenetic sampling error. Sampling multiple host species
within a multivariate phylogenetic framework also provides a measurable scale of host novelty,
since relative similarity of hosts is predicted quantitatively (i.e., time since divergence), thus
offering a key reference for interpreting trade-offs.
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Materials and Methods
Spider Mite Experimental Evolution
Tetranychus urticae is a cosmopolitan horticultural and agricultural pest with a broad host use of
nearly 1,100 plant species (Migeon et al. 2011). The short generation time and high fecundity of
these spider mites, as well as their haplodiploid sex-determination system, likely contribute to
the extreme polyphagy and rapid evolution on novel hosts observed in this species (Gotoh et al.
1993; Grbić et al. 2007). Previous selection experiments have taken advantage of these rapid
evolution capabilities and demonstrated that selection of T. urticae on novel hosts (i.e., host use
specialization) is associated with changes in fitness over time, with fecundity and juvenile
survival being initially relatively low during the first few generations, followed by significant
increases in fitness by the tenth generation (100–200 days; see Gould 1979; Fry 1989; Agrawal
2000). Specialization of T. urticae on novel hosts is likely a complex process involving multiple
genetic mechanisms (e.g. Gould 1979; Fry 1989), as well as a loss of sensitivity to plant
chemical deterrents (Agrawal 2000).

Origin of Mite Colonies
The spider mites used in this study were derived from two stock colonies continuously
maintained since 2012 on cotyledons of Gossypum hirsutum L. var. Genuity® Bollgard II® with
Round-up Ready® Flex (treated with: metalaxyl, triadimenol, chloropyrites, and thiram; DynaGro®) at the University of South Florida (Tampa, FL). These stock colonies were founded with
spider mites derived from a large laboratory-reared colony maintained indoors Phaseolus
lunatus L. (lima bean) at the University of Florida (UF; Gulf Coast Research and Education
Center; Wimauma, FL). The source of the UF colony itself originated from spider mites collected
on strawberry, Fragaria × ananassa Duchesne (J.F. Price, personal communication).
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Establishing and Maintaining Selection and Control Lines of Spider Mites
I used C. sativus (cucumber) as the focus of selection and host-use specialization to facilitate
comparisons with previous studies on spider mite experimental evolution (Gould 1979; Agrawal
2000). Cucumis sativus has been observed to reduce feeding and oviposition in non-specialist
herbivores like spider mites, putatively due to tetracyclic terpenes like cucurbitacins (Tallamy et
al. 1997; Agrawal 2000). Thus, as a potentially challenging host, feeding on the plant can
impose strong selection for host use and greater fitness to evolve (Gould 1979; Agrawal 2000).
To establish the experimental-evolution T. urticae selection lines, I started rearing three
new colonies on C. sativus var. “Straight Eight” (Ferry Morse Co.) throughout Sept. to Nov.
2013. For each of these replicate lines of spider mite populations, I sampled three G. hirsutum
cotyledons with ca. 100 mites each from the two stock colonies, and placed them on the tops of
the leaves of the C. sativus plants in their respective rearing boxes. While the G. hirsutum
cotyledons desiccated, T. urticae migrated onto the C. sativus leaves. Hereafter, I refer to the
three replicate lines as the “cucumber-selected lines,” or “selection lines.”
Each T. urticae selection and control line was maintained separately within 2’ × 2’ × 2’
wood-framed boxes lined with no-thrips mesh with 75 holes per square inch (Green-Tek ®).
This screening allowed for airflow circulation while preventing the migration of spider mites
between lines or entry of mite egg predators and host plant pests like thrips. Mite boxes were
affixed with two 60-watt-equivalent fluorescent bulbs, and lights were on continuous 24-hour
cycles. Gossypium hirsutum cotyledons required less light, and the stock colony/control boxes
were affixed with only one lightbulb. These boxes were also subject to ambient room
temperature which fluctuated between approximately 18.5 to 30°C throughout the course of the
experiment (approximately 200 days). Potted plants (described below) were placed in rows of 2
or 3 within each mite-rearing box. Plants were replaced when approximately 75% of the plant
material had been consumed and/or desiccated (ca. 1-3 weeks). Specifically, one or two new
rows (three pots each) of fresh plants per mite box were placed next to the youngest row of
11

desiccated plants, allowing for migration of T.urticae to new plant material. All other older
desiccated plants were discarded, along with the spider mites on them.

Preparation of Host Plants for Mite Colonies and Fecundity Assays
All plants used in the maintenance of selection lines were grown in environmental growth
chambers (Sanyo MLR-351H) with maximum lighting (5 LS), 24-hour daylight cycle, at 28°C and
50% humidity. I grew single cucumber plants in full 3-inch flowerpots filled with Fafard 3B Mix,
and five pellets of Osmocote 12-12-12 fertilizer. These new plants were transferred to mite
rearing boxes once their third true leaf matured, approximately three weeks after germination.
Occasionally I needed to re-pot C. sativus plants into one-liter pots filled with Farfad 3B mix and
10 fertilizer pellets to provide bigger plants with more leaf material. In order to limit spurious
fitness trade-offs evolving due to genetic drift, I followed recommendations by Fry (1989) and
interspersed single pots of G. hirsutum cotyledons into the forage of the three selection lines
twice during the experiment (at approximately 50 and 100 days). To grow the G. hirsutum
cotyledons, I sowed approximately 80 cotton seeds in one-liter pots half-filled with a 1:1 mix of
Fafard 3B soil mix and coarse-grained vermiculite. These seedlings were grown until the
cotyledons had fully emerged and turned green; approximately one week.

Phylogenetically Related Host Plants Used in Fecundity Assays
In order to test for fitness trade-offs in fecundity (measured as eggs laid in 48 hours, described
in the following section) that resulted from selection to C. sativus, conducted fecundity assays
on a phylogenetically-nested set of plant species ranging in relatedness relative to C. sativus
(see phylogeny of host plants in Fig. 2.3; also see description of fecundity assays below). These
host plants include one congener to C. sativus, Cucumis melo L. var. “Hale’s Best” (melon;
Ferry-Morse Co.), two additional species within the Cucurbitaceae family: Cucurbita pepo L. var.
“Black Beauty” (zucchini, Tribe Cucurbiteae; Ferry-Morse Co.), and Momordica charantia L. var.
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“Long EX” (bitter melon, Tribe Joliffieae; Evergreen Y.H. Enterprises); and three species not
within the Cucurbitaceae: Capsicum annuum L. var. “California Wonder” (bell pepper, Family
Solanaceae; Ferry-Morse Co.), P. lunatus var. “Henderson Bush” (Family Fabaceae; FerryMorse Co.), and Brassica oleracea L. var. “De Cicco” (broccoli, Family Brassicaceae; FerryMorse Co.) Finally, I also use the original ancestral G. hirsutum var. “Genuity® Bollgard II®”
host species of these T. urticae colonies. G. hirsutum cotyledons here provide a direct test for
trade-offs since mites have been maintained on this plant approximately over the course of 50
generations. The topology of the host-plant phylogeny (Fig. 2.3) was based on modified
megatree of all major plant groups based on APG III (2009), and internode branch-length
distances in millions of years ago (mya) were based on Hedges et al. (2006) and Hedges and
Kumar (2009).

Selection and Fecundity Bioassays on Host Plants
To test trade-offs in fecundity due to selection on C. sativus (number of eggs laid over a 48 hour
incubation period; hereafter referred to as fecundity) I conducted leaf disc bioassays using T.
urticae sampled from selection lines during two intervals over the course of the experiment. The
first occurred within 50 days (about three spider mite generations) of the start of the experiment
(i.e., the establishment of selection lines). This round of fecundity assays represents the
fecundity in T. urticae prior to selection on C. sativus in selection lines. Hereafter, I refer to the
bout of fecundity assays as: “pre-selection to C. sativus” for selection lines and “start of the
experiment” for the cotton cotyledon-maintained lines. The second round occurred between 150
and 200 days after the start of the experiment (at least ten generations after the establishment
of selection lines) and is referred to as “post-selection” for selection lines, and “end of the
experiment” for the cotton cotyledon-maintained lines. A total of 1227 fecundity assays were
conducted on seven host species and G. hirsutum cotyledons (see Table A1 for a host-by-host
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breakdown of fecundity means and sample sizes for each pre- and post-selection fecundity
assays and among selection lines).
The C. sativus plants and G. hirsutum cotyledons used to provide leaf disc material for
the fecundity assays were described in: Preparation of Host Plants for Mite Colonies and
Fecundity Assays. Leaves from all other host species used in the fecundity assays were also
grown like C. sativus plants. From each plant leaf, I cut out 12-13mm diameter leaf discs using a
brass cork borer (Boekel Scientific). These leaf discs were prepared before fecundity assays, as
needed, and were arranged with adaxial sides facing up on 7.5 × 5.5 × 2-inch grout sponges
covered with cotton-wool. The bottom halves of these prepared sponges were partially
submerged, approximately one inch deep, in water in 13 × 15 × 3.5-inch plastic trays (two
sponges per tray). The wet wool helped leaf discs adhere closely to the wet sponge, delayed
desiccation, and acted as a physical barrier of mite migration from disc-to-disc during the
fecundity assays. The leaf discs were arranged in rows, so that discs were approximately 10
mm apart, with one species per row, and typically there were ca. 50-70 leaf discs per sponge.
In order to control for short-term environmental and maternal effects that can arise from
conducting assays on T. urticae directly sampled from selection lines (e.g., Fry 1989; Agrawal
2000), one generation of T. urticae from selection lines were reared in a common environment
prior to conducting the fecundity assays. Here, I sampled and isolated adult female T. urticae
(1st generation; using small paintbrushes trimmed down to 5-20 bristles each) on individual G.
hirsutum cotyledon leaf discs (arranged on sponges prepared as described above) and allowed
them to lay eggs for two to seven days, after which point females were removed. After the eggs
hatched, and these 2nd generation progeny reached adulthood, I isolated females, and
transferred them onto new, individual G. hirsutum cotyledon leaf discs, and allowed them to
remain until they laid at least ten eggs in order to ensure that they were gravid. At this point, I
began the fecundity assays by transferring these gravid female mites, singly, onto leaf discs of
the seven host plant species tested. These trays of leaf discs were maintained on lab benches
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and were subject to ambient-room temperatures. After 48 hours, female spider mites were
removed, and fecundity was measured by counting the numbers of eggs laid per leaf disc using
a dissection microscope (Leica S6D).

Statistical Analyses
I analyzed fecundity assays (e.g., egg counts measuring fecundity of T. urticae) with zeroinflated, negative-binomial generalized linear models (GLM) using the glmmTMB package
(v0.2.3; Brooks et al. 2017) in R (v3.6.0; R Core Team 2019). The importance of
including/excluding fixed effects in models was assessed with sequential likelihood ratio tests
(LRT; following the methods of Zuur et al. 2009), and the emmeans package (v. 1.4; Lenth
2018) was used to estimate least-squares means (LS-means) for Tukey’s post-hoc contrasts
(e.g., when three or more pairwise contrasts were estimated). In all models, the zero-inflated
parameters were estimated separately for each host; this is important as T. urticae did not
experience similar levels of mortality (i.e., zero fecundity) across host species. Although multiple
fecundity assays sampled from the same selection line are not independent, as is the case for
pre- and post-selection fecundity assays, replicate line identity and cucumber-selection (e.g.,
before, after selection) could only be treated as fixed effects since there were too few levels to
adequately model these groups as random effect structures (each with fewer than 4 levels; see
Bolker 2015).
I first begin with GLM analyses exploring consistency among replicate selection lines to
assess fecundity on C. sativus and the original ancestral host species (i.e., G. hirsutum) prior to
selection. I also use GLM analyses to test whether fecundity increased on C. sativus after
selection on C. sativus but decreased on G. hirsutum cotyledons (e.g., the predicted fitness
trade-off after selection on C. sativus), and whether selection to cucumber negatively influenced
fecundity on its original host (see Futuyma and Moreno 1988; Fry 1989; Agrawal 2000; Futuyma
and Agrawal 2009).
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I also estimated the multivariate structure of fecundity across host species to test
changes pre- and post-selection on C. sativus. I estimated cross-host fecundity correlations
across all host species with a zero-inflated negative binomial multivariate random coefficients
model (GLMM) using the glmmTMB package (v0.2.3; Brooks et al. 2017). Zero-inflation
parameters were estimated separately for pre- and post-selection fecundity assays, and among
selection lines. The estimated correlation structure is an approximate estimate of predicted
pairwise genetic trade-offs across the eight host species. Differences between the pre- and
post-selection fecundity correlation matrices was evaluated using Jennrich’s (1970) test using
the cortest.Jennrich() function from psych package for R (v 1.8.12; Revelle 2019). The
multivariate GLMM model was: fecundity ~ fixed (0 + G. hirsutum (cotton cotyledons) + C.
annuum (bell pepper) + B. oleracea (broccoli) + P. lunatus (lima bean) + M. charantia (bitter
melon) + C. pepo (zucchini) + C. melo (melon) + C. sativus (cucumber) + random (G. hirstutum
cotyledons/selection + C. annuum/selection + B. oleracea/selection + P. lunatus/selection + M.
charantia/selection + C. pepo/selection + C. melo/selection + C. sativus/selection | replicate
lines).
Finally, again with zero-inflated negative-binomial GLMs (with zero-inflated parameters
estimated separately for each host species), I tested whether the relative phylogenetic distance
from C. sativus predicted fecundity across host plant species. Here, the relative phylogenetic
distance, in units of millions of years ago (mya), was estimated as the pairwise phylogenetic
branch-length distance from the selected host (C. sativus) to novel-host species (see Fig. 2.3).
G. hirsutum cotyledons were excluded from these analyses as the difference in developmental
stage represents a confounding factor in a phylogenetic regression.
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Results
Effects of Selection to a Novel Host and Consistency of Selection
Among the three replicate cucumber-selected lines of spider mites, fecundity was typically
higher on their original ancestral G. hirsutum cotyledon host than C. sativus (zero-inflated
negative binomial GLM: host species: Wald’s χ2 = 4.31, d.f. = 1, p = 0.0378; see Fig. 2.1 and
GLM regression estimates in Table A2), higher overall after ca. 10 generations of selection on
C. sativus (GLM: host selection: Wald’s χ2 = 7.04, d.f. = 1, p = 0.008), but the effects of selection
to the novel C. sativus host did not result in a fitness trade-off (i.e. negative fitness effect)
relative to the original G. hirsutum cotyledon host (GLM: host species × host selection: Wald’s χ2
= 0.0003, d.f. = 1, p = 0.9871). These fecundity trends were consistent across the three
replicate cucumber-selected lines (GLM: replicate lines: Wald’s χ2 = 2.7, d.f. = 2, p = 0.2587),
among the two host species (GLM: replicate lines × host species: Wald’s χ 2 = 0.83, d.f. = 2, p =
0.6612), and there was no evidence that replicate lines differed from one another in terms of
effects of selection on C. sativus (GLM: replicate lines × host selection: Wald’s χ2 = 3.06, d.f. =
2, p = 0.2166). Reducing the model by sequentially excluding non-significant interaction terms
also revealed consistency among selection lines (see reduced GLM model in Table A2).
Among the cotton cotyledon-maintained lines, there were no initial significant differences
in fecundity between mites assayed on G. hirsutum cotyledons and those assayed on C. sativus
(zero-inflated negative binomial GLM: host species: Wald’s χ2 = 0.281, d.f. = 1, p = 0.596; see
Fig. 2.2 and GLM regression estimates in Table A3). After continued selection on G. hirsutum
cotyledons, fecundity increased, but only on G. hirsutum cotyledons and not on C. sativus
(GLM: host selection: Wald’s χ2 = 1.73, d.f. = 1, p = 0.241; GLM: host species  host selection:
Wald’s χ2 = 4.10, d.f. = 2, p = 0.043). I found no significant differences in these trends among
the replicate cotton cotyledon-maintained lines (GLM: replicate lines: Wald’s χ 2 = 0.013, d.f. = 1,
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p = 0.909; GLM: replicate lines  host species: Wald’s χ2 = 0.012, d.f. = 2, p = 0.913; GLM:
replicate lines  host selection: Wald’s χ2 = 1.86, d.f. = 2, p = 0.171).

Effects of Cucumber-Selection on Fecundity across Multiple Novel Host Species
Prior to selection on C. sativus, there was significant heterogeneity in the fecundity of the
cucumber-selected T. urticae lines across a diversity of novel host plants (Fig. 2.3; see Table A4
for GLM regression coefficients)—with two dominant host groups emerging in terms of average
spider mite fecundity (post-hoc pairwise contrasts between host species pre-selection on C.
sativus found in Table A5). The first, or moderate- to high-fecundity hosts, included the
ancestral G. hirsutum (cotton) cotyledon host, and four novel host species: P. lunatus (lima
beans) and three of the four cucurbit hosts (but not M. charantia: bitter melon). The second
group included three low-fecundity hosts: C. annuum (bell pepper), B. oleracea (broccoli), and
M. charantia.
A similar pattern of heterogeneity among host species was observed for the cotton
cotyledon-maintained lines of T. urticae, with the same group of relatively low-fecundity hosts
consisting of C. annuum, B. oleracea and M. charantia, and a moderate-to-high fecundity group
consisting of all others (Fig. 2.4; see Table A6 for GLM regression coefficients and Table A7 for
post-hoc pairwise contrasts between host species).
Post-selection to C. sativus, the pattern of heterogeneity to overall fecundity among the
two major host groupings remained the same—cucumber-selected spider mites had low
fecundity on C. annuum, B. oleracea, and M. charantia, and relatively high fecundity on all other
host plants (Fig. 2.3; see Table A8 for post-hoc pairwise contrasts between host species postselection on C. sativus). However, selection on C. sativus resulted in fecundity on G. hirsutum
cotyledons being significantly higher than on C. sativus or C. melo (G. hirsutum cotyledons vs.
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C. sativus: Tukey’s HSD post-hoc contrast t = 4.10, p = 0.005, G. hirsutum cotyledons vs. C.
melo: Tukey’s HSD post-hoc contrast t = 4.06, p = 0.005).
When comparing T. urticae fecundity across all host species pre- and post-selection to
C. sativus, there was no significant interaction between cucumber-selection and host species
effects (zero-inflated negative binomial GLM: host species: Wald’s χ2 = 144.57, d.f. = 7, p <
0.001; host selection: Wald’s χ2 = 2.45, d.f. = 1, p = 0.1178; host species × host selection:
Wald’s χ2 = 13.42, d.f. = 7, p = 0.0624; Table A4 for GLM regression estimates). When the
nonsignificant interaction term was omitted from the model, however, a significant positive effect
of selection on C. sativus was observed, (zero-inflated negative binomial GLM excluding the
non-significant interaction: host species: Wald’s χ2 = 206.08, d.f. = 7, p < 0.001; host selection:
Wald’s χ2 = 16.54, d.f. = 1, p < 0.001).
The significant changes to the pattern of heterogeneity observed in the cotton cotyledonmaintained lines were that C. annuum was no longer clearly differentiated from C. pepo or C.
sativus, hosts providing relatively moderate fecundity (C. sativus vs. C. annuum: Tukey’s HSD
post-hoc contrast t = 3.30, p = 0.077, C. pepo vs. C. pepo: Tukey’s HSD post-hoc contrast t =
2.87, p = 0.235; for all post-hoc pairwise contrasts between novel host species see Table A9),
and that G. hirsutum cotyledons provided significantly greater fecundity than C. pepo (C. pepo
vs. G. hirsutum: Tukey’s HSD post-hoc contrast t = -3.381, p = 0.015). Overall, the effects of
continued maintenance on G. hirsutum cotyledons had non-uniform impacts on fecundity among
the eight novel hosts, indicated by the significant interaction between selection and host species
(Fig. 2.4 and Table A6; zero-inflated negative binomial GLM: host species: Wald’s χ 2 = 78.71,
d.f. = 7, p < 0.001; host selection: Wald’s χ2 = 0.002, d.f. = 1, p = 0.9689; host species × host
selection: Wald’s χ2 = 27.34, d.f. = 7, p = 0.0003).
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Multivariate Structure of Fecundity across Host Species before and after Selection
Among selection lines prior to selection on C. sativus, the cross-host genetic correlations with
G. hirsutum (cotton) cotyledons were primarily negative with most host plants species except for
P. lunatus (lima bean) and C. sativus (cucumber; see upper diagonal of Table 2.1)—indicating
that replicate lines exhibiting high fecundity on G. hirsutum cotyledons performed relatively
poorly on most hosts, except P. lunatus and C. sativus. This negative fitness correlation with G.
hirsutum cotyledons was strongest among C. pepo and C. melo hosts. Prior to selection on C.
sativus, the cross-host fitness correlations with C. sativus were mixed (see upper diagonal of
Table 2.1)—indicating potential pre-existing cross-host genetic trade-offs on C. sativus prior to
selection on C. sativus.
After selection on C. sativus, the multivariate fitness relationships among hosts changed
significantly (Jennrich’s matrix inequality test: χ 2 = 8019.8, d.f. = 56, p < 0.001)—with several
positive fitness-correlations emerging after selection. Correlations relative to the original G.
hirsutum cotyledon host reversed among most host species (Table 2.1). Further, almost all of
the negative correlations with C. sativus prior to selection reversed after selection on C. sativus
(Table 2.1)—with the exception of M. charantia (bitter melon: C. sativus vs. M. charantia: preselection: r = -0.38, post-selection: r = -0.92).
Finally, fecundity of T. urticae spider mites on G. hirsutum cotyledons was highly
correlated among selection lines, but the strength of this correlation decreased after selection to
C. sativus (pre-selection: r = 0.99, post-selection: r = 0.42). Prior to selection on C. sativus,
fecundity on C. sativus among selection lines was negatively correlated; however, after
selection, fecundity of spider mites on C. sativus became highly correlated (pre-selection: r = 0.45, post-selection: r = 0.63).
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Does Phylogenetic Distance Predict Fecundity Across Host Species?
Although phylogenetic distance of host plants relative to C. sativus did predict fecundity across
the novel hosts plants (Fig. 2.5; Table A10), with fecundity increasing on hosts that are more
closely related to C. sativus, there was no difference in this relationship pre- and post-selection
on C. sativus (zero-inflated negative binomial GLM: host phylogenetic distance from C. sativus:
Wald’s χ2 = 24.34, d.f. = 1, p < 0.001; host selection: Wald’s χ2 = 4.71, d.f. = 1, p = 0.0299; host
phylogenetic distance from C. sativus × host selection: Wald’s χ2 = 0.4, d.f. = 1, p = 0.5777).
Excluding the non-significant interaction from the model, fecundity overall increased across
hosts after selection on C. sativus (GLM: host phylogenetic distance from C. sativus: Wald’s χ2
= 59.59, d.f. = 1, p < 0.001; host selection: Wald’s χ2 = 5.65, d.f. = 1, p = 0.0175). There were no
effects of cucumber-selection when comparing fecundity relative to the phylogenetic-distance of
the original G. hirstutm cotyledon host (zero-inflated negative binomial GLM: host phylogenetic
distance from G. hirsutum: Wald’s χ2 = 1.9, d.f. = 1, p = 0.1679; host selection: Wald’s χ2 =
0.956, d.f. = 1, p = 0.328; phylogenetic distance from G. hirsutum × host selection: Wald’s χ2 =
1.36, d.f. = 1, p = 0.2433).
For cotton cotyledon-maintained lines of T. urticae, the same pattern of fecundity
emerged where phylogenetic relatedness relative to C. sativus predicted greater fecundity, but
there was no effect on fecundity due to continued maintenance on G. hirsutum cotyledons (Fig.
2.6 and Table A11; zero-inflated negative binomial GLM: host phylogenetic distance from C.
sativus: Wald’s χ2 = 8.48, d.f. = 1, p = 0.004; host selection: Wald’s χ2 = 0.20, d.f. = 1, p =
0.6562; host phylogenetic distance from C. sativus × host selection: Wald’s χ2 = 0.46, d.f. = 1, p
= 0.4991). Excluding the non-significant interaction term did not reveal a significant effect of
continued maintenance on G. hirstutm cotyledons (zero-inflated negative binomial GLM: host
phylogenetic distance from C. sativus: Wald’s χ2 = 24.92, d.f. = 1, p < 0.0001; host selection:
Wald’s χ2 = 0.0002, d.f. = 1, p = 0.9888). When testing the impact of phylogenetic relatedness
relative to G. hirsutum among cotton cotyledon-maintained colonies, there was a significant
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effect of continued maintenance on G. hirsutum cotyledons, and a significant interaction
between continued maintenance on G. hirsutum cotyledons and phylogenetic distance from G.
hirsutum, but no initial phylogenetic signal to fecundity observations (zero-inflated negative
binomial GLM: host phylogenetic distance from G. hirsutum: Wald’s χ2 = 0.9484, d.f. = 1, p <
0.0001; host selection: Wald’s χ2 = 5.3521, d.f. = 1, p = 0.0207; host phylogenetic distance from
G. hirsutum × host selection: Wald’s χ2 = 5.2574, d.f. = 1, p = 0.0219).

Discussion
Selection on C. sativus had mixed effects on T. urticae spider mite fecundity. Although I did not
find a cross-host fitness trade-offs between cucumber and the original G. hirsutum cotyledon
host—as predicted by host specialization theory (Gould 1979)—I did find significant positive
effects on fecundity across multiple closely and distantly alternative novel host species after
selection on C. sativus, as well as inversions of several negative cross-host fitness correlations
into positive fitness associations among these hosts after selection. My findings emphasize the
importance of testing multiple closely and distantly related host species when exploring the
effects of host use selection—given that indirect effects of host specialization (either positive or
negative across hosts) can be evaluated and placed in a predictive evolutionary framework.
Theory on host use of herbivores assumes trade-offs in fitness across plant species, and
that specializing to one host species will negatively impact fitness on alternate or novel species
(Futuyma and Moreno 1988; Fry 1989; Agrawal 2000; Futuyma and Agrawal 2009). In my
selection experiment, there was a significant increase in fecundity on C. sativus after selection
on C. sativus. However, contrary to Futuyma and Moreno’s (1988) predictions that fitness
should decline on the original ancestral host (i.e., G. hirsutum cotyledons), I found that fecundity
also increased on G. hirsutum cotyledons after selection, which is consistent with previous
selection experiments that used T. urticae spider mites to test for cross-host fitness trade-offs in
herbivores evolving on novel host plants (see Gould 1979; Fry 1989; Agrawal 2000).
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The T. urticae lines maintained on G. hirsutum cotyledons also continued to evolve, and
fecundity in these lines increased significantly on this host, but did not increase on C. sativus (.
Thus, while selection on C. sativus appears to have had generalized effects of increased
fecundity on both the novel C. sativus host and the ancestral G. hirsutum cotyledon host, the
absence of effects on C. sativus in the cotton cotyledon-maintained lines suggests that selection
on C. sativus had host-specific effects as well (discussed below).
The lack of a pairwise fitness trade-offs underlines my strategy to look past these
predicted focal effects of host selection, and to test for indirect effects of selection on multiple
novel hosts ranging in phylogenetic relatedness. Overall, when comparing fecundity after
selection to C. sativus across the novel host species, fecundity generally increased among
these hosts, and selection did not reduce fecundity on novel host plants that were
phylogenetically distant from C. sativus. Thus, my findings do not support the hypothesis that
trade-offs due to host specialization are phylogenetically dependent (e.g., Rasmann and
Agrawal 2011). However, both the cucumber-selected lines and the cotton cotyledonmaintained lines exhibited varying, though non-significant, responses to evolution on their
respective hosts on a host-by-host basis. The magnitude of these effects appears to be skewed
towards cucurbit hosts in the cucumber-selected lines, and towards non-cucurbit hosts in the
cotton cotyledon-maintained lines (with the notable exception of C. melo), which potentially
contributed to the significant divergence in pre- versus post-selection fecundity curves that was
observed in the cucumber-selected lines but not in the cotton cotyledon-maintained. Thus, while
my results do not indicate an explicit trade-off from specialization on C. sativus, the observation
that fecundity increased on both cucurbit and non-cucurbit hosts in cucumber-selected lines, but
only increased on the ancestral G. hirsutum cotyledon host (and potentially other non-cucurbit
hosts) in the cotton cotyledon-maintained lines, suggests that selection on C. sativus
nevertheless resulted in some host-specific benefits.
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My choice of host plants, although a-priori designed as a gradient of phylogenetic
relatedness to C. sativus, included hosts that were challenging to T. urticae irrespective of
selection on C. sativus. Even after selection on C. sativus, spider mite fecundity was always
relatively low on the M. charantia (bitter melon)—which belongs to a different tribe
(Momordiceae) than C. sativus (Cucurbiteae) within the same taxonomic family
(Cucurbitaceae). This result is consistent with Agrawal’s (2000) finding that host specialization
of spider mites to cucumber did not increase fecundity on a closely related plant, zucchini (C.
pepo), despite chemical similarity in their defensive cucurbitacin compounds. Here, however, M.
charantia is phytochemically unique among Cucurbitaceae in that it is the only group that
contains momordicins, which can act as strong deterrents even for herbivore species that
regularly feed on Cucurbitaceous host plants (Abe and Matsuda 2000). Presumably, selection of
spider mites on C. sativus can increase the frequency of genotypes with better tolerance to
cucurbitacins (including C. pepo, in contrast to Agrawal [2000]); however, it does not seem that
this selection has positive fitness effects for momordicin-defended host plants. In contrast,
fecundity on the P. lunatus (lima bean) remained relatively high even for cucumber-selected
spider mites, suggesting that distantly related plants can share traits that make them intrinsically
suitable hosts for herbivores despite the phylogenetic conservatism of other traits (e.g., via
convergent selection due to domestication; see Fuller et al. 2014; Chaudhary 2013). High
fecundity on P. lunatus may also reflect herbivore–host relationships at deeper phylogenetic
scales of T. urticae host use evolution—given that this spider mite species can be regarded as
somewhat specialized on hosts of the Leguminosae (Migeon et al. 2011). Since specialization in
herbivore host-use can occur along different host phenotype axes (sensu Barret and Heil 2012),
it is possible that T. urticae would show a stronger responses to selection if plant species were
chosen based on physical and chemical traits (Carmona et al. 2011) rather than assuming
differences a priori based on phylogenic relationships.
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Quantitative genetic studies of herbivore specialization have traditionally placed
emphasis on negative cross-host genetic correlations as providing evidence for tradeoffs, since
this genetic structure would engender selection of different genotypes on different hosts (Via
1984, Futuyma and Moreno 1988, Scheirs et al. 2005). In my experiment, I found strong
multivariate positive effects of selection across a diversity of novel host species, in which cross
host correlations generally changed from negative to positive, post-selection on C. sativus).
These findings indicate that cross-host correlations, rather than being fixed, can emerge as
properties of host-use evolution. The trend toward increased correlation is, however, consistent
with my observation that the beneficial effects of selection on a novel challenging host can
extend to other, even distantly related, hosts.
One limitation to testing trade-offs in this study was the reliance on fecundity as the sole
surrogate of fitness. Other traits, such as juvenile survival (Fry 1989), or mate competition
among males (Yano et al. 2001; Agrawal 2002), are also sensitive to differences among plant
species, and measuring these other predictors of fitness may reveal complementary or
opposing effects due host use selection. For example, oviposition in herbivores is often
moderated by signaling from plant chemical cues (Visser 1986; Schoonhoven et al. 2005). Here,
the evolution of host-acceptance may outweigh metabolic effects (i.e., host consumption). My
findings support this given that many female T. urticae abandoned leaf discs without laying any
eggs, thereby resulting in near zero fecundity on many host species (zero-inflation estimates of
GLM models presented in Table A4; M. charantia: logit coefficient = 1.56 ± 0.46 SE, z = 3.4, p <
0.001; C. annuum: logit coefficient = 1.27 ± 0.54, z = 2.35, p = 0.019). Further, I only measured
one facet of fecundity (i.e., number of eggs laid), and there is a possibility that undetected tradeoffs exist with egg number, size, and viability.
Another challenge was that, unlike previous selection experiments conducted with T.
urticae (e.g., Gould 1979, Agrawal 2000), in this experiment, the novel host C. sativus, and the
two most closely related alternative novel hosts, C. melo and C. pepo, did not prove to be
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particularly challenging hosts. It is possible that selection on C. sativus was not strong enough
to drive evolution toward reduction in frequency of genotypes conferring fitness on alternative
novel hosts. As a result, the phylogenetically nested set of novel hosts engendered a
phylogenetic signature of fecundity biased towards C. sativus and closely related hosts
regardless of spider mite populations’ evolutionary histories (i.e., selection on C. sativus),
complicating interpretation of effects. Future studies should thus be careful to select explicitly
challenging novel hosts for selection in addition to alternative novel hosts with diverse
phenotype irrespective of shared ancestry.
Like previous selection experiments using T. urticae, I did not find evidence of trade-offs
due to selection on a focal novel host (i.e., C. sativus). Contrary to theoretical predictions, my
findings demonstrate that evolution on a novel host can facilitate use to other novel hosts
(Gould 1979; Magalhães et al. 2007; Fellous et al. 2014). It is possible that evolution on a novel
host can select for more “robust” or generalist individuals (those with overall greater fitness
across multiple hosts; D. Futuyma, personal communication), a hypothesis that is consistent
with the result of overall increased fecundity in the cucumber-selected population observed in
this selection experiment. Nevertheless, the observations that only selection on C. sativus led to
increased fecundity on C. sativus, an effect that potentially carried over to closely related
cucurbit hosts, suggests that the effects of selection were specific to the novel host, C. sativus,
and perhaps closely related species. Ultimately, the failure to detect specific pairwise trade-offs
suggests that rapid evolution on novel hosts is ultimately not a significant constraint on future
host use or colonization.
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Tables

Table 2.1. The multivariate cross-host correlations in fecundity among replicate selection lines
of T. urticae, across eight host species, before and after selection to C. sativus. Upper diagonal
is the cross-host fecundity correlation matrix pre-selection on C. sativus estimated with a zeroinflated negative binomial GLMM multivariate random-coefficients model. Lower diagonal is the
cross-host fecundity correlation matrix after selection on C. sativus estimated from the same
GLMM model. Emphasized in bold are correlations with the original ancestral host plant prior to
selection, G. hirsutum (cotton) cotyledons, and the focal novel host post-selection, C. sativus
(cucumber). Also presented are the pooled cross-host fitness correlations among selection
lines; these estimate the repeatability of fecundity effects among replicate lines on single host
species.
Host species

Gossypium
hirsutum
(cotton)

Capsicum
annuum
(bell
pepper)

Brassica
oleracea
(broccoli)

Phaseolus
lunatus
(lima bean)

Momordica
charantia
(bitter
melon)

Cucurbita
pepo
(zucchini)

Cucumis
melo
(melon)

Cucumis
sativus
(cucumber)

-

-0.113

-0.242

0.241

-0.354

-0.712

-0.73

0.151

Capsicum
annuum

0.474

-

-0.251

0.258

-0.361

-0.713

-0.731

0.208

Brassica
oleracea

0.428

0.955

-

-0.967

0.421

-0.116

-0.385

-0.14

Phaseolus
lunatus

-0.316

0.053

-0.876

-

0.885

0.468

0.166

-0.376

Momordica
charantia

0.478

0.926

0.624

0.864

-

-0.108

0.191

0.267

Cucurbita
pepo

0.425

0.218

0.93

0.242

-0.918

-

0.411

-0.48
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Figure 2.1. Consistency in fecundity (number of eggs laid in 48 hours) among replicate
cucumber-selected lines of T. urticae (lines A, B, and C) on the ancestral host plant (G. hirsutum
cotyledons) and a novel host (C. sativus), pre- and post-selection. Least square (LS) means are
derived from a GLM with a zero-inflated negative binomial model that simultaneously modelled
fecundity pre- and post-selection among cucumber-selected lines, and between the G. hirsutum
cotyledon and C. sativus hosts (see Table A2 for regression coefficients).
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Figure 2.2. Consistency in fecundity (number of eggs laid in 48 hours) among two replicate
cotton cotyledon-maintained lines (lines D and E) on the ancestral host plant (G. hirsutum
cotyledons) and a novel host (C. sativus) at the start and end of the experiment. Least square
(LS) means are derived from a GLM with a zero-inflated negative binomial model that
simultaneously modelled fecundity pre- and post-selection, and between the G. hirsutum
cotyledon and C. sativus hosts (see Table A3 for regression coefficients).
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Figure 2.3. Fecundity (number of eggs laid in 48 hours) of T. urticae lines on a phylogeneticnested group of host plants pre- (grey) and post- selection (black) to cucumber C. sativus. Least
square (LS) means are derived from a GLM with a zero-inflated negative binomial model that
simultaneously modelled fecundity before and after selection, and across the eight host species.
Topology of phylogeny of hosts based on APG III (2009), and internode branch-length distances
in millions of years ago (mya) on Hedges et al. (2006) and Hedges and Kumar (2009). The
original host (G. hirsutum cotyledons) and selected host plant (C. sativus) emphasized in bold.
Comparisons between pre- and post-selection fecundity reported as Tukey’s post-hoc contrasts
(t) with p-values (see Table A4 for model coefficients and Tables A5 and A8 for all Tukey’s
pairwise contrasts in fecundity between each host species).
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Figure 2.4. Fecundity (number of eggs laid in 48 hours) of T. urticae lines continuously
maintained on G. hirsutum cotyledons, across a phylogenetic-nested group of host plants at the
start (grey) and end (black) of the experiment. Least square (LS) means are derived from a
GLM with a zero-inflated negative binomial model that simultaneously modelled fecundity at the
start and end of the experiment, and across the eight host species. Topology of phylogeny of
hosts based on APG III (2009), and internode branch-length distances in millions of years ago
(mya) on Hedges et al. (2006) and Hedges and Kumar (2009). The original host (G. hirsutum
cotyledons) and focal novel host plant (C. sativus) emphasized in bold. Comparisons between
fecundity at the start and end of the experiment reported as Tukey’s post-hoc contrasts (t) with
p-values (see Table A6 for model coefficients and Table A7 and A9 for all Tukey’s pairwise
contrasts in fecundity between each host species).
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Figure 2.5. Phylogenetic distance from cucumber (C. sativus) as a predictor of spider mite
fecundity (number of eggs laid by T. urticae in 48 hours) across seven host species (excluding
the original host G. hirsutum, cotton cotyledons) pre- and post-selection to C. sativus. Estimates
for fecundity were generated with a negative binomial, zero-inflated GLS model. LS means and
95% CI for individual host species pre-and post-selection are also provided for visualization
(modelled in Figure 2.3), but species identity was not included in as a categorical predictor in
the GLM regression-line fit model. Gray points and regression lines predict fecundity preselection to C. sativus, and black values represent post-selection to C. sativus (approximately
10 generations after the start of the experiment). See Table A10 for fixed effects and regression
model coefficients.
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Figure 2.6. Phylogenetic distance from cucumber (C. sativus) as a predictor fecundity (number
of eggs laid by T. urticae in 48 hours) for spider mites continuously maintained on cotton
cotyledons, across seven host species (excluding the original host G. hirsutum, cotton
cotyledons) at the start and end of the experiment. Estimates for fecundity were generated with
a negative binomial, zero-inflated GLS model. LS means and 95% CI for individual host species
pre-and post-selection are also provided for visualization (modelled in Figure 2.4), but species
identity was not included in as a categorical predictor in the GLM regression-line fit model.
Points and regression lines represent predictions of fecundity at the start (gray) and end of the
experiment (black; approximately 10 generations after the start). See Table A11 for fixed effects
and regression model coefficients.
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CHAPTER THREE:
CROSS-HOST EFFECTS OF EXPERIMENTAL EVOLUTION ON A
RAPIDLY EVOLVING OLIGOPHAGOUS HERBIVORE

Abstract
Theory predicts that herbivore specialization on host plants should be reinforced through
evolutionary tradeoffs that reduce fitness on alternative hosts. However, selection experiments
directly testing the effects of host specialization consistently fail to demonstrate that tradeoffs
reduce fitness on alternative hosts. These experiments have relied on a single model organism,
Tetranychus urticae, to test this hypothesis, due to its economic impact, short lifecycle, and
because population maintenance is tractable. A related spider mite species, Tetranychus
evansi, has recently emerged as an invasive species in Africa and Europe, but has a relatively
restricted host range relative to T. urticae, since it specializes on plants from the Solanaceae
family. Here, I conducted the first selection experiment with this emerging invasive spider mite
species to test for phylogenetically moderated tradeoffs in fecundity and juvenile development
due to experimental selection on the novel host Solanum lycopersicum. After > 20 generations,
selection on this novel host generally increased fecundity across a phylogenetically nested set
of eight host species; however, individual host-specific effects varied, and fitness did not
increase significantly on the targeted novel host S. lycopersicum, nor was fecundity reduced on
the ancestral host Solanum melongena. The marginal probability of observing adult spider mites
increased over the course of the selection experiment; however, this effect was also observed
among lines of T. evansi that were continuously maintained on S. melongena. Overall, this
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selection experiment did not provide evidence that selection on a challenging novel host
constrains host use in a specialist spider mite.

Introduction
Selection experiments using Tetranuchus urticae Koch spider mites (Acari: Tetranychidae)
demonstrate that experimental evolution on an initially challenging host species can result in a
significant increase in fitness on that host over time (Gould 1979; Fry 1989; Agrawal 2000;
Zydek and Lajeunesse unpublished data). Theory also predicts that such increases in fitness
should also result in a concomitant decrease in fitness on alternative hosts—since alleles
conferring fitness on the novel host should be selected at the cost of those that confer fitness on
alternative hosts (Futuyma and Moreno 1988; Fellous et al. 2014). However, empirical tests
consistently fail to elicit such tradeoffs experimentally, but typically demonstrate instead that
increases in fitness on a challenging novel host can positively extend to alternative, even
distantly related, hosts (see Gould 1979; Zydek and Lajeunesse, unpublished data).
Due to their broad host range, polyphagous adaptations, and economic impact, T.
urticae spider mites have become a prominent model system for herbivory (Magalhães et al.
2007; Grbic et al. 2011; Migeon et al. 2011). Further, the relatively short lifecycle (as short as
two weeks) also makes their use in experimental evolution research tractable. However, it is
possible that the unique traits conferring extreme polyphagy mask the tradeoffs predicted by
host specialization theory (Futuyma and Moreno 1988), and perhaps replicating experimental
evolution studies with a more specialized spider mite species might provide more appropriate
tests to this theory.
Here I aim to replicate the classic experimental evolution studies (e.g., Gould 1979; Fry
1992; Agrawal 2000) using the congeneric specialist species T. evansi. This spider mite
species is a specialist of the Solanaceae (Migeon et al. 2011), a plant family characterized by
unique chemical and physical defenses such as foliar glycoalkaloids (Coombs et al. 2003) and
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glandular trichomes (Bergau et al. 2015; Savi et al. 2019; Sridhar et al. 2019), traits that have
contributed to their use as a model host in spider mite evolution studies (Kennedy 2003; Martel
et al. 2014). However, to date, no experimental evolution studies have used a Solanaceousspecialist to test for cross-host trade-offs due to experimental specialization on Solanum plants.
Specifically, my goal here is to test whether selection on a novel tomato host (Solanum
lycopersicum) can result in phylogenetically-dependent host tradeoffs on a nested set (with
respect to shared evolutionary history with tomato) of Solanaceous hosts. Further, because
components of performance may respond differentially to exposures to novel hosts in
herbivores in general (Fox et al. 1997; Scheirs et al. 2005), and spider mites specifically in
terms of host-use trade-offs (Yano et al. 2001), I assay both fecundity (number of eggs laid) and
development (spider mite size).

Overview of Spider Mite Experimental Evolution
Tetranychus evansi Baker & Pritchard 1960, the red tomato spider mite, is a neotropical
herbivore likely originating from Brazil, but has recently emerged as an invasive agricultural pest
with worldwide distribution (Boubou et al. 2012). Tetranychus evansi mites attack plants
primarily from the Solanaceae, and cause considerable crop damage in Africa—with reports of
up to 90% loss in tomato production (Boubou et al. 2012). This spider mite species also impacts
crop yields in the Mediterranean. Tetranychus evansi shares several traits in common with T.
urticae, such as small size, rapid development and population growth, and arrhenotokous
reproduction (Boubou et al. 2012). However, unlike T. urticae, this spider mite suppresses
rather than stimulates the production of induced chemical defenses by their hosts (see Sato et
al. 2016; Liu et al. 2017; de Oliveira et al. 2019). Such traits, in combination with worldwide
distribution and availability of horticulturally produced Solanaceous plants likely contribute to the
invasive success of T. evansi (Migeon et al. 2009; Boubou et al. 2011).
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Selection experiments with T. urticae have received considerable attention for testing
hypotheses about the effects of specialization on host use, in large part due to their rapid
evolution of increased fitness on initially challenging novel hosts (Gould 1979; Fry 1989;
Agrawal 2000). Specialization in T. urticae to novel hosts is complex and involves multiple
evolutionary processes (e.g. Gould 1979; Fry 1989), and likely involves the loss of sensitivity to
plant chemical deterrents (Agrawal 2000). The polyphagous habit of T. urticae makes it a good
candidate for studying trade-offs across a broad diversity of host species; however, the
upregulation of detoxification genes that underlies this ability may also potentially mask the
effects of selection (Dermauw et al. 2013). However, no novel-host selection experiments have
been conducted with T. evansi, and thus I apply the typical experimental evolution research
protocol used with T. urticae with the closely related T. evansi.
Despite T. evansi being a specialist of S. lycopersicum, tomatoes can still be a
challenging host for the spider mite, as well as several other herbivores (Coombs et al. 2003),
including T. urticae (Fry 1989; 1990), due to the presence and modulation of chemical and
physical defenses produced in leaves and epidermal glandular trichomes. These include toxic
foliar glycoalkaloids, acylsugars and terpenes, as well as phenolic compounds that can entrap
small herbivores and reduce foliar nutritive value (Kennedy 2003; Bergau et al. 2015).

Materials and Methods
Origin and Maintenance of Tomato-Selected and Eggplant-Maintained Colonies
Tetranychus evansi spider mites used in this study were derived from two stock colonies
continuously maintained indoors at the University of South Florida (Tampa, FL) since January
2015 on S. melongena (eggplant). These two stock colonies were founded with mites sampled
from a large colony maintained in a greenhouse on S. melongena at the University of Florida
(Mid-Florida Research and Education Center; Apopka, FL). Details on how these two stock
colonies are maintained are described below. I established two tomato-selected replicate lines
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of T. evansi on S. lycopersicum cerisiforme var. “Red Cherry, Large Fruited” (Ferry Morse Co.),
and two new eggplant-maintained lines on S. melongena var “Early Long Purple” (Ferry Morse
Co.), by placing infested S. melongena plants from the stock colonies in a mite growth
chambers (construction described below), containing freshly grown S. melongena starts (see
“preparation of plant material” below). After mites had migrated and colonized the new plants,
one or two of these plants were transferred to each of four new growth chambers. Solanum
melongena and S. lycopersicum plants were then placed in growth chambers to initiate the
founding of the respective selection lines, each of which were composed of hundreds of spider
mites.
Each replicate line of T. evansi was maintained individually within 2’ × 2’ × 2’ woodframed boxes (i.e. chambers) lined with No-Thrips Insect Screen 75 mesh (holes per square
inch; Green-Tek ®). This screen allows for airflow circulation while preventing the migration of
mites between chambers or entry of mite egg predators and host plant pests such as thrips. The
lighting in chambers was provided by affixed 60-watt-equivalent fluorescent bulbs with
aluminum hoods, two per box. Chambers were subject to ambient room temperature. In
replenishing plant material, potted plants (described below) were placed in rows of 2 or 3 plants
in a 3-inch deep tray within each chamber. Plants were replaced when approximately 75% of
the plant material had been consumed and/or desiccated (about 3 weeks). Specifically, one new
row (three pots each) of fresh plants per chamber were placed next to the youngest row of
desiccated plants, allowing for spider mite migration to new material. All other older desiccated
plants were discarded, along with the spider mites on them.

Preparation of Host Plants for Mite Population Maintenance and Fitness Assays
All plants used in the maintenance of tomato-selected and control replicate lines were grown
under the same conditions for each assay period; however, these conditions varied slightly
depending on the amount of plant material needed and in order to produce quality plant
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material. Seeds were sprouted singly in full 1-cup pots using Fafard 3B Mix (SunGro
Horticulture Canada Ltd.) and five pellets of Osmocote Classic (14-14-14) fertilizer (ScottsSierra Horticulture Products Co.) and grown to the 2nd or 3rd true leaf under the cycle outlined
in Table B1(a). Once plants had reached this stage, they were re-potted into 1-quart pots, filled
three-quarters full, and grown until they had 5 to 10 leaves under one of the two cycles outlined
in Table B1(b) and (c).

Phylogenetically Related Host Plants Used in Fitness Assays
I tested for trade-offs that resulted from selection to S. lycopersicum across a phylogenetically
nested set of host plant species ranging in phylogenetic relatedness relative to S. lycopersicum
(Fig. 3.5; see description of assay procedure below). These host plants included three
congeners of S. lycopersicum: Solanum melongena (eggplant), Solanum macrocarpon (gboma;
USDA germplasm), and Solanum nigrum (black nightshade; USDA germplasm); three species
from other genera within the Solanaceae family: Jalomata procumbens (Solana Seeds),
Capsicum annuum var. “Corno Di Toro” (bell pepper; Ferry-Morse Co.,) and Nicotiana sylvestris
(tobacco; Plant World Seeds); as well as one species not within the Solanaceae: Gossypum
hirsutum (cotton) var. “Genuity® Bollgard II®” with Round-up Ready® Flex treated with:
metalaxyl, triadimenol, chloropyrites, and thiram; (Dyna-Gro®). Solanum melongena here
provides a direct test for trade-offs since this was the ancestral host of the T. evansi lines used
in this experiment. The topology of the host-plant phylogeny (Fig. 3.5) was based on a modified
megatree of all major plant groups based on APG III (2009), and internode branch-length
distances in mya were based on Hedges et al. (2006) and Hedges and Kumar (2009).

Fitness Assays on Host Plants
Fecundity was measured as number eggs laid by adult female T. evansi over a period of 72
hours, and juvenile development was measured as size after approximately 7 days from
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hatching (assay procedure described below). To establish baseline measurements of these
traits, T. evansi were sampled from all replicate lines during a period ranging from prior to
initiation until 50 days after this point (less than 5 generations). These mites were then used in
the fecundity and juvenile development assays described below. Observations taken during this
period are referred to as “pre-selection” or “start of the experiment”.
To measure the effects of selection on fecundity, T. evansi were sampled and assayed
again 350-370 days after the initiation of their respective selection regimes. For the
development assays, mites were sampled and assayed 455-470 days after initiating the
selection regime. Observations taken during this period are referred to as “post-selection” or
“end of the experiment”.
From fresh leaves of these lab-grown plants, I cut 13 mm leaf discs using a stainless
steel cork borer (Nonaka Rikaki Co.). These leaf discs were prepared before assays, as
needed, and were arranged with adaxial sides facing up on 7.5 × 5.5 × 2-inch grout sponges
covered with cotton-wool. The bottom halves of these prepared sponges were partially
submerged, approximately one inch deep, in water in 13 × 15 × 3.5-inch plastic trays (two
sponges per tray). The wet cotton wool helped leaf discs adhere closely to the sponge, delayed
their desiccation, and served as a physical barrier preventing mite migration from disc to disc
during the fitness assays. The leaf discs were arranged in rows, so that discs were
approximately 15 mm apart, one species per row; typically there were 20-30 leaf discs per
sponge.
All T. evansi used in the fecundity and development assays were reared for one
generation on a common host (S. melongena) between being sampled from their selection
environment (growth chamber) and being assayed on the novel hosts. This precaution was
taken to control for potentially confounding maternal effects that can arise when assays of
spider mites are sampled directly from their selection populations (see Fry, 1989; Agrawal 2000;
Magalhães et al. 2011). This intermediate generation was reared either on live and whole S.
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melongena plants, or on S. melongena leaf discs, depending on the availability of plant material.
In the former case, whole plants were placed in rearing chambers abutting the selection host
plants (i.e., S. melongena or S. lycopersicum), and mites freely migrated onto them. These
plants were then isolated in separate rearing chambers. After 10 to 20 days, adult females were
sampled for fecundity assays, and recently emerged first instar larvae, or eggs were sampled
for juvenile development assays (described below). When this intermediate phase of the assays
was conducted on leaf discs, female T. evansi were individually transferred from their respective
selection hosts directly onto single eggplant leaf discs (maintained in ambient conditions on lab
benches) and allowed to lay 10 to 20 eggs before being removed. To initiate fecundity assays,
female mites developing from these eggs were directly transferred to leaf discs of the novel
hosts, using small paintbrushes trimmed to 5-20 bristles each.
For juvenile development assays, recently emerged first instar larvae from eggs laid
during the intermediate phase of the assay procedure, or the eggs themselves (partially
developed: cream colored, but eyes not yet developed), were transferred to leaf discs of the
novel hosts, with five individuals per leaf disc. Due to the pseudo-arrhenotokous reproductive
mode of spider mites, the early isolation of female mite individuals (prior to fertilization by males)
should have led to the production of male progeny only in the developmental assays. However,
many female offspring were observed and included in these assays. For pre-selection fecundity
assays (sampling for which occurred prior to introduction of selection lines to the novel tomato
host), this intermediate stage of rearing one generation of mites on S. melongena was carried
out on live plants. For post-selection fecundity assays (which occurred between days 350 and
370 after initiation of the experiment), this intermediate stage was carried out on either live S.
melongena plants or leaf discs. Among all tomato-selected and eggplant-maintained lines on T.
evansi, a total of 613 fecundity assays were conducted across the eight novel host species (see
Table B2 for a host-by-host breakdown of summary statistics for all replicate lines at the start
and end of the experiment). For pre-selection development assays, the intermediate stage of
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rearing one generation on S. melongena was carried out on live plants or leaf discs. For postselection development assays (which between days 455 and 470 after initiation of the
experiment), this intermediate generation was reared on leaf discs only. Among all tomatoselected and eggplant-maintained lines on T. evansi, a total of 2110 development assays were
conducted across the eight novel host species (details in Table B3).
All fitness assays took place within environmental growth chambers (Sanyo MLR-351H)
with moderate lighting (3 LS), 24-hour daylight cycle, at 27.5°C and 60% humidity, as soon as
mites or eggs had been transferred to leaf discs: one female per disc for fecundity assays, and
five mature eggs or recently emerged larvae per disc for development assays. In the fecundity
assays, female T. evansi were allowed to lay eggs for 72 hours, after which they were removed,
and the numbers of eggs laid per leaf disc were counted. For the development assays, the size
of mites was scored on a scale of 0-4, seven days after being transferred to assay discs of the
novel host species. This convention was used to approximate the four molts (instars) of the T.
evansi lifecycle (with 0 counting as missing or dead spider mites). The counting of eggs and
scoring of spider mite size in fitness assays was performed using a dissecting microscope
(Leica S6D).

Statistical Analyses
Fecundity was analyzed using zero-inflated, negative binomial generalized linear mixed models
using the glmmTMB package (v0.2.3; Brooks et al. 2017) in R (v3.5.3; R Development Core
Team 2019). The importance of including/excluding fixed effects in models was assessed with
sequential likelihood ratio tests (LRT; following the methods of Zuur et al. 2009), and leastsquare means (LS-means) were estimated using the emmeans package (v. 1.4.3.01; Lenth
2018). Zero-inflation parameters were estimated for each host separately in categorical
regression models (where novel host species were treated as different levels of the host factor),
or as a function of phylogenetic distance in phylogenetic regressions, because egg counts of
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zero were not evenly distributed among hosts. Although observations arising from the same
replicate lines within spider mite populations are not independent, there were too few of them to
be included as random effects (i.e., fewer than four levels; see Bolker 2015). For all fecundity
analyses, regressions for eggplant-maintained lines of T. evansi were carried out separately
from those of the tomato-selected lines.
I began with Generalized Least Squares (GLS) analysis to assess the consistency in
fecundity among replicate lines of spider mites (here treated as fixed effects) on the novel S.
lycopersicum host and the ancestral S. melongena hosts. These regressions also included the
pre- and post-selection (‘HOST SELECTION’) factor as a fixed effect to measure whether
evolution on replicate lines’ respective hosts had significant effects on T. evansi fecundity.
Next, I performed categorical regressions (negative binomial, zero-inflated mixed-effects
GLMs) of fecundity across the phylogenetically nested set of novel hosts, treating each host as
a unique level within the factor ‘HOST SPECIES,’ and with the ‘HOST SELECTION’ (pre- vs.
post-selection) factor included as another fixed effect to measure effects of selection on each
host. Tukey’s HSD contrasts are also provided to show pairwise differences in fecundity
between each host at either the pre- or post-selection stage, as well pre- vs. post-selection
differences within each host species.
To explicitly test the impact of host phylogenetic distance from S. lycopersicum on T.
evansi fecundity, I performed regressions in which pairwise branch-length distance (relative to
S. lycopersicum, measured for each host) served as the linear predictor of effects. I also
performed complementary phylogenetic regressions that included pairwise branch-length
distance relative to the ancestral S. melongena. In this latter case, it was necessary to exclude
observations on Capsicum annuum, as the extreme overdispersion observed on this host did
not allow GLMs to converge. These regressions included the ‘HOST SELECTION’ (pre- vs.
post-selection) factor as a fixed effect to measure how phylogenetically mediated effects
changed over the course of the experiment. The topology of the phylogenetic tree was based on
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APG III (2009), and internode branch-length distances in mya were based on Hedges et al.
(2006) and Hedges and Kumar (2009).
Finally, I performed phylogenetic ordinal regressions (zero-inflated continuation ratio
mixed models) on T. evansi development (size after one week) using the package
GLMMadaptive (v0.6-8; Rizopoulos 2020) with the following model: SIZE ~ COHORT * TIME *
POPULATION + PHYLOGENETIC DISTANCE; random = ~ 1 | DISC; zero-inflation = ~ ASSAY
HOST; family = zi.negative.binomial. Here marginal probabilities of each size class were
predicted as a function of phylogenetic distance from S. lycopersicum, and the effects of host
selection (pre- vs. post-selection) were also measured. Data for tomato-selected and eggplantmaintained lines were included in a single model, providing estimation of differing effects
between the two treatment groups.

Results
Effects of Selection on a Novel Host and Consistency Among Replicate Lines
Among replicate tomato-selected lines of T. evansi, fecundity was higher on the ancestral host
(S. melongena) than the novel host, S. lycopersicum (zero-inflated negative binomial GLM: host
species: Wald’s χ2 = 10.31, d.f. = 1, p = 0.0013; see Fig. 3.1 and regression coefficients in Table
B4). Selection on S. lycopersicum did not result in increased fecundity on S. lycopersicum (zeroinflated negative binomial GLM: time: Wald’s χ2 = 0.767, d.f. = 1, p = 0.381). Further, selection
on S. lycopersicum did not result in reduced fitness on S. melongena (zero-inflated negative
binomial GLM: host species × time: Wald’s χ2 = 0.262, d.f. = 1, p = 0.609). This pattern was
consistent among replicate tomato-selected lines (zero-inflated negative binomial GLM:
replicate line: Wald’s χ2 = 2.77, d.f. = 1, p = 0.096). Sequential reduction of the non-significant
interaction between predictors of fecundity did not reveal differences in modelled effects (zeroinflated negative binomial GLM: host species: Wald’s χ2 = 23.27, d.f. = 1, p < 0.001; time:
Wald’s χ2 = 0.221, d.f. = 1, p = 0.638; zero-inflated negative binomial GLM: replicate line: Wald’s
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χ2 = 0.748, d.f. = 1, p = 0.387; see reduced model in Table B4). Effects observed among the
eggplant-maintained lines of T. evansi were consistent with those of the tomato-selected lines
(zero-inflated negative binomial GLM: host species: Wald’s χ2 = 6.65, d.f. = 1, p = 0.010; time:
Wald’s χ2 = 0.0001, d.f. = 1, p = 0.992; host species × time: Wald’s χ2 = 0.029, d.f. = 1, p =
0.863; replicate line: Wald’s χ2 = 0.064, d.f. = 1, p = 0.800; see Fig. 3.2 and regression
coefficients in Table B5).

Effects of Selection on Mite Fecundity Across Multiple Novel Host Species
Among tomato-selected lines of T. evansi, pairwise contrasts of fecundity between each of the
novel hosts revealed significant heterogeneity: fecundity was moderate on all hosts except
Capsicum annuum, which was significantly lower than any other host (Fig. 3.3; zero-inflated
negative binomial GLM: assay host: Wald’s χ2 = 86.85, d.f. = 1, p < 0.0001; see Table B6 for
regression coefficients and Table B7 for post-hoc pairwise contrasts between host species).
Fecundity was also significantly higher on S. melongena relative to most other hosts. As with
with the consistency of GLMs above, fecundity was significantly higher on S. melongena than S.
lycopersicum at the start of the experiment (S. lycopersicum vs. S. melongena: Tukey’s HSD
post-hoc contrast t = -3.91, p = 0.011), but not higher than on S. nigrum, S. macrocarpon, or G.
hirsutum (S. nigrum vs. S. melongena: Tukey’s HSD post-hoc contrast t = -3.06, p = 0.152; S.
melongena vs. S. macrocarpon: Tukey’s HSD post-hoc contrast t = 1.93, p = 0.858; S.
melongena vs. G. hirsutum: Tukey’s HSD post-hoc contrast t = 2.41, p = 0.544).
The overall pattern of fecundity across these hosts changed over the course of the
selection experiment, though not uniformly, and despite no single novel host exhibiting a
significant change in fecundity pre- or post-selection to tomato (zero-inflated negative binomial
GLM: host selection: Wald’s χ2 = 0.012, d.f. = 1, p = 0.9121; host species  host selection:
Wald’s χ2 = 16.14, d.f. = 7, p = 0.0238; Fig. 3.3 and Table B8). Specifically, increases in
fecundity on S. nigrum, S. melongena and S. macrocarpon caused fecundity on these species
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to be significantly higher than on J. procumbens, N. sylvestris, and G. hirsutum (see Tables B7
and B8 for pre-and post-selection post-hoc pairwise contrasts between host species,
respectively). Further, post-selection fitness on J. procumbens became lower than on all
Solanum hosts, including S. lycopersicum (S. lycopersicum vs. J. procumbens: Tukey’s HSD
post-hoc contrast t = 3.51, p < 0.043). However, due to high mortality of T. evansi on C.
annuum, variance in fecundity was too high to provide meaningful pairwise contrasts with this
host. Finally, increases in fecundity post-selection on S. macrocarpon was great enough that
fecundity on this host was significantly greater than S. lycopersicum (S. lycopersicum vs. S.
macrocarpon: Tukey’s HSD post-hoc contrast t = -5.03, p < 0.001). However post-selection,
there were no longer differences in fecundity between S. lycopersicum and S. melongena (S.
lycopersicum vs. S. melongena: Tukey’s HSD post-hoc contrast t = -3.35, p = 0.070).
Among eggplant-maintained lines of T. evansi, there was little significant heterogeneity
in fecundity among the eight host species assayed: the only significant difference observed was
that fecundity was higher on S. melongena than N. sylvestris (Fig. 3.4; S. melongena vs. N.
sylvestris: Tukey’s HSD post-hoc contrast t = 4.07, p = 0.006; see Table B9 for regression
coefficients and Table B10 for post-hoc pairwise contrasts between host species prior to
continued maintenance on S. melongena). Fecundity on C. annuum was not significantly
different from other hosts, as was the case in the tomato-selected population. Although
fecundity on J. procumbens was initially high in the eggplant-maintained population relative to
the tomato-selected population, it was significantly reduced after continued maintenance on S.
melongena, such that it was significantly lower than compared to all Solanum hosts (see Table
B11 for post-hoc pairwise contrasts between host species after continued maintenance on S.
melongena). Continued maintenance on S. melongena also resulted in significantly lower
fecundity on S. nigrum relative to both S. melongena and the closely related S. macrocarpon (S.
nigrum vs. S. melongena: Tukey’s HSD post-hoc contrast t = -3.99, p = 0.008; S. nigrum vs. S.
macrocarpon: Tukey’s HSD post-hoc contrast t = -3.70, p = 0.024). The overall variability in the
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effects that continued maintenance on S. melongena had on fecundity across all hosts are
further evidenced by the significant interaction between host species identity and selection
(zero-inflated negative binomial GLM: host species: Wald’s χ2 = 26.87, d.f. = 7, p = 0.0004; host
selection: Wald’s χ2 = 0.181, d.f. = 1, p = 0.6704; host species  host selection: Wald’s χ2 =
23.98, d.f. = 7, p = 0.0011).

Phylogeny as a Predictor of Mite Fecundity
Among tomato-selected lines of T. evansi, phylogenetic relatedness to S. lycopersicum was
predictive of increased fecundity; however, the full GLM did not reveal any significant effects of
selection on S. lycopersicum (zero-inflated negative binomial GLM: phylogenetic distance:
Wald’s χ2 = 11.15, d.f. = 1, p = 0.0008; host selection: Wald’s χ2 = 2.58, d.f. = 1, p = 0.1080;
phylogenetic distance  host selection: Wald’s χ2 = 0.0019, d.f. = 1, p = 0.9651; Fig. 3.5 and
Table B12). Excluding the non-significant interaction term in the GLM revealed a significant
effect of selection on S. lycopersicum (zero-inflated negative binomial GLM: phylogenetic
distance: Wald’s χ2 = 18.83, d.f. = 1, p < 0.0001; host selection: Wald’s χ2 = 3.90, d.f. = 1, p =
0.0482; Table B13).
Among eggplant-maintained lines, phylogenetic relatedness relative to S. lycopersicum
also predicted increased fecundity; but again, continued maintenance on S. melongena did not
result in significant changes to fecundity (zero-inflated negative binomial GLM: phylogenetic
distance: Wald’s χ2 = 2.61, d.f. = 1, p = 0.1064; host selection: Wald’s χ2 = 0.552, d.f. = 1, p =
0.4576; phylogenetic distance  host selection: Wald’s χ2 = 0.894, d.f. = 1, p = 0.3444; Fig. 3.6
and Table B14). Omitting the non-significant interaction between phylogenetic distance and
selection did not reveal a significant effect of continued maintenance on S. melongena (zeroinflated negative binomial GLM: phylogenetic distance: Wald’s χ 2 = 10.32, d.f. = 1, p = 0.0013;
host selection: Wald’s χ2 = 0.014, d.f. = 1, p = 0.9071).

53

Since S. melongena is a close relative to S. lycopersicum, the baseline phylogenetic
signal observed in the phylogenetic regression of fecundity relative S. lycopersicum was also
observed in the phylogenetic regression prelative to S. melongena among tomato-selected lines
of T. evansi—but selection on S. lycopersicum did not alter this relationship (zero-inflated
negative binomial GLM: phylogenetic distance from S. melongena: Wald’s χ2 = 43.16, d.f. = 1, p
= <0.0001; host selection: Wald’s χ2 = 1.15, d.f. = 1, p = 0.283; phylogenetic distance from S.
melongena  host selection: Wald’s χ2 = 0.018, d.f. = 1, p = 0.892; Fig. 3.7 and Table B15).
Omitting the non-significant interaction between phylogenetic distance and selection did not
reveal a significant effect of selection on S. lycopersicum (zero-inflated negative binomial GLM:
phylogenetic distance from eggplant: Wald’s χ2 = 110.7, d.f. = 1, p < 0.0001; tomato selection:
Wald’s χ2 = 1.59, d.f. = 1, p = 0.208).
Phylogenetic proximity to S. melongena was also predictive of increased fecundity
among eggplant-maintained lines, but again continued maintenance on S. melongena did not
alter this relationship (zero-inflated negative binomial GLM: phylogenetic distance from S.
melongena: Wald’s χ2 = 54.75, d.f. = 1, p = 1.37 × 10-13; host selection: Wald’s χ2 = 0.365, d.f. =
1, p = 0.5456; phylogenetic distance from S. melongena  host selection: Wald’s χ2 = 2.907, d.f.
= 1, p = 0.0882; Fig. 3.8 and Table B16). Finally, omitting the non-significant interaction
between phylogenetic distance and host selection did not impact the overall null effect of host
selection (zero-inflated negative binomial GLM: phylogenetic distance from eggplant: Wald’s χ 2
= 103.73, d.f. = 1, p < 0.0001; host selection: Wald’s χ2 = 0.275, d.f. = 1, p = 0.6003).

Effects of Selection on Mite Development: Ordinal Regression of Juvenile Mite Size
Overall, proportions of each size class of T. evansi were significantly different throughout the
selection experiment, and each varied as a function of host phylogenetic distance relative to S.
lycopersicum (Fig. 3.5; see Table B17 for regression coefficients). Specifically, phylogenetic
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distance from S. lycopersicum was predictive of increased proportion of dead or missing spider
mites (size zero) and the decreased proportion of adult T. evansi (size four). Further, selection
on S. lycopersicum and continued maintenance on S. melongena both resulted in an increased
proportion of adult spider mites (size four), and lower proportions of nymphal stages of spider
mites (size one and two). There were, however, no significant differences in size between the
tomato-selected and eggplant-maintained lines of T. evansi at either the start or end of the
selection experiment (Table B17 for regression coefficients).

Discussion
Despite being an herbivore specialized on members of Solanum, with a history of associations
with S. lycopersicum in particular (Boubou et al. 2011), T. evansi had significantly lower
fecundity on tomato relative to the ancestral host S. melongena in this experiment. This
contrasts with previous selection experiments with the generalist T. urticae spider mites (Gould
1979; Fry 1989; Agrawal 2000; and Zydek and Lajeunesse unpublished data)—even after > 20
generations of selection on tomato, fecundity did not increase on this novel selected host. Nor
did this selection regime result in decreased fecundity on the ancestral host S. melongena.
However, selection on S. lycopersicum did decrease the difference in fecundity between the
selected and ancestral host species; becoming non-significant post-selection. This change
appears mainly driven by a reduction in fecundity to S. melongena. Yet, since the contrast
above did not reveal a significant decrease in fecundity on this host at the end of the
experiment, and since fecundity increased on the closely related S. macrocarpon (such that it
was significantly higher than on S. lycopersicum), this change is not strong evidence for a
tradeoff due to host species specialization.
Selection on S. lycopersicum also had significant effects on fecundity across the
phylogenetically nested set of novel host species; however, the categorical and phylogenetic
regressions revealed conflicting results. The phylogenetic regression revealed that there was a
55

general significant increase in fecundity across all hosts; whereas the categorical regression
revealed non-uniform effects of selection across hosts. These findings indicated significant
heterogeneity in effects across hosts. Further, while the categorical regression indicated
interaction effects between host selection and host identity among the eggplant-maintained lines
of T. evansi, continued maintenance on S. melongena among eggplant-maintained lines did not
result in any significant effects on fecundity in the phylogenetic regression. Thus, evolution on
challenging novel hosts can have positive impacts on fitness that extend to a range of related
and unrelated novel hosts in populations of T. evansi, as also seen in its close relative T.
urticae.
Rather than tradeoffs arising as a direct result of host specialization, it is possible that
reductions in fitness on specific hosts can arise due to the accumulation of deleterious
mutations in the absence of continued exposure to them (Fry 1996; Via and Hawthorne 2005)—
a effect observed in the evolution of reversion lines that are returned to the non-challenging
ancestral hosts after a period of selection on novel hosts (Gould 1979; Fry 1990; Agrawal 2000).
In this experiment, fecundity on J. procumbens, a relatively challenging Solanaceous host, was
significantly reduced by the end of the selection experiment in eggplant-maintained lines of T.
evansi. This effect was not observed among tomato-selected lines. While this outcome is
consistent with this slower model of trade-offs based on the accumulation of deleterious
mutations, it does not seem likely that this reduction in fecundity on J. procumbens represents a
trade-off that arose as a direct consequence of continued maintenance on eggplant. Further,
since J. procumbens is equidistant phylogenetically from tomato and eggplant, any positive
effect of tomato-selection on fecundity in J. procumbens could be conferred by virtue of
phenotypic similarity rather than shared ancestry per se. However, it is important to note that
evolution among eggplant-maintained lines of T. evansi, though not significant, did cause
fecundity on S. nigrum (the closest relative of S. lycopersicum) to become significantly lower
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than on S. melongena and S. macrocarpon, whereas fecundity increased on S. nigrum among
tomato-selected lines, though not significantly by itself.
The results of the ordinal regression of spider mite development quantified as changes
in body sizes offered similar fecundity patterns pre- and post-selection, as in my selection
experiment with T. urticae (Chapter 2). Specifically, phylogenetic relatedness to the focal host of
selection was predictive of a greater marginal ratio of adults (size four, fourth instar) and lower
marginal ratio of dead or missing T. evansi (size zero). Size was greater overall post-selection
since the proportion of adults T. evansi significantly increased and the proportion of
dead/missing decreased. However, these trends were observed in both tomato-selected and
eggplant-maintained lines, and there were no significant differences in the proportions of class
sizes between selection and neutral lines at either the start or end of the experiment.
A major challenge in implementing development assays was successfully isolating
unmated female mites. The purpose of this isolation was to ensure that all progeny were males.
However, many offspring from isolated females were female. As T. evansi appears to exhibit the
same female-biased sexual size dimorphism as T. urticae spider mites (Li and Zhang 2018;
personal observation), it is possible that variation in size among juvenile mites was due to this
dimorphism, rather than effects due to host suitability. However, it was not feasible to
consistently ascertain the sex of juvenile mites and I was unable to account for this issue in my
analyses. The limited availability of recently eclosed larvae from eggs, and the subsequent need
to use a combination of larvae and mature unhatched eggs in development assays was another
potential source of variability in pre- and post-selection development results. Thus, I suggest a
cautious interpretation of this ordinal regression of T. evansi development—given that here the
absence of evidence for trade-offs is not evidence of an absence and that these experimental
challenges could have introduced variability masking positive effects of selection on novel host
plants.
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Figure 3.1. Consistency in fecundity (number of eggs laid in 72 hours) among replicate tomatoselected lines of T. evansi, pre- and post-selection on tomato, S. lycopersicum. Results
presented for these two focal host species are least squares (LS) estimates from a zero-inflated
negative binomial GLM models that simultaneously tested for effects of time at the beginning
and end of the selection regime, individual replicate lines, and the two hosts species (see Table
B4 for regression coefficients).
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Figure 3.2. Consistency in fecundity (number of eggs laid in 72 hours) among eggplantmaintained lines of T. evansi at the start and end of the experiment. Results presented for these
two focal host species are least squares (LS) estimates from a zero-inflated negative binomial
GLM models that simultaneously tested for effects of time at the beginning and end of the
selection regime, individual replicate lines, and the two hosts species (see Table B5 for
regression coefficients).
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Figure 3.3. Mean ± S.E. fecundity (number of eggs laid in 72 hours) among replicate tomatoselected lines of T. evansi, pre- and post-selection on tomato, S. lycopersicum, across eight
host plant species. Results presented are least square (LS) means estimated from a zeroinflated negative binomial GLM models that simultaneously tested for effects of host-selection
(time), and the eight assay host species, (see Table B6 for model fixed effects and regression
coefficients). Further, t and p-values are for Tukey’s HSD contrasts between pre- and postselection fecundity for each host.
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Figure 3.4. Mean ± S.E. fecundity (number of eggs laid in 72 hours) among eggplantmaintained lines of T. evansi at the start and end of the experiment across eight host plant
species. Results presented are least square (LS) means estimated from a zero-inflated negative
binomial GLM models that simultaneously tested for effects of host-selection (time), and the
eight assay host species, (see Table B9 for model fixed effects and regression coefficients).
Further, t and p-values are for Tukey’s HSD contrasts between pre- and post-selection fecundity
for each host.
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Figure 3.5. Regression of fecundity (number of eggs laid in 72 hours) as a function of
phylogenetic distance from the focal host, S. lycopersicum, among replicate tomato-selected
lines of T. evansi, pre- and post-selection on S. lycopersicum. Results presented are least
square (LS) means estimated from a zero-inflated negative-binomial GLS model. LS means and
95% CI for individual novel host species are included for visualization, but not included in as a
categorical predictor in the GLM regression-line fit model (see Tables B12 and B13 for fixed
effects and regression model coefficients).
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Figure 3.6. Regression of fecundity (number of eggs laid in 72 hours) as a function of
phylogenetic distance from the focal host, S. lycopersicum, among eggplant-maintained linesof
T. evansi at the start and end of the experiment. Results presented are least square (LS) means
estimated from a zero-inflated negative-binomial GLS model. LS means and 95% CI for
individual novel host species are included for visualization, but not included in as a categorical
predictor in the GLM regression-line fit model (see Table B14 for fixed effects and regression
model coefficients).
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Figure 3.7. Regression of fecundity (number of eggs laid in 72 hours) as a function of
phylogenetic distance from the ancestral host, S. melongena, among replicate tomato-selected
lines of T. evansi, pre- and post-selection on S. lycopersicum. Results presented are least
square (LS) means estimated from a zero-inflated negative-binomial GLS model. LS means and
95% CI for individual novel host species are included for visualization, but not included in as a
categorical predictor in the GLM regression-line fit model (see Table B15 for fixed effects and
regression model coefficients).

69

30

25

15

10

LS means ( fecundity ) ± 95% CI

20

5

125

100

75

50

25

0

0

phylogenetic distance from S. melongena (millions of years)

Figure 3.8. Regression of fecundity (number of eggs laid in 72 hours) as a function of
phylogenetic distance from the ancestral host, S. melongena, among eggplant-maintained lines
of T. evansi at the start and end of the experiment (b). Results presented are least square (LS)
means estimated from a zero-inflated negative-binomial GLS model. LS means and 95% CI for
individual novel host species are included for visualization, but not included in as a categorical
predictor in the GLM regression-line fit model (see Table B16 for fixed effects and regression
model coefficients).
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Figure 3.9. Ordinal regression (continuation ratio model) of development (size) among lines of
T. evansi, across eight novel host plant species. Regression lines represent the marginal
probability (± 95% CI) that an observed mite individual belongs to its respective size class, as a
function of host phylogenetic distance (mya) relative to S. lycopersicum. Separate plots were
generated for tomato-selected and eggplant-maintained lines, pre- and post-selection (replicate
lines pooled). Size zero represents dead or absent progeny, one through four represent
sequentially increasing sizes, roughly corresponding to the developmental stages (nymphal
stages or instars) of T. evansi, observed after weeklong development assays (see Table B17 for
fixed effects and regression model coefficients).
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CHAPTER FOUR:
CROSS-HOST GENETIC CORRELATIONS IN HERBIVORE SPLIT-FAMILY EXPERIMENTS:
A META-ANALYSIS

Abstract
Theory predicts that the widespread host specialization of herbivorous taxa arises from negative
cross-host genetic correlations in fitness—since selection on different host species should be
genetically constrained. Yet empirically, cross-host genetic correlations are often reported as
null or positive—indicating that predicative theory based on antagonistic pleiotropy may not
adequately model the complex, often multivariate structure of host use traits. Here in this metaanalysis, I synthesize split-family experiments to reach a consensus on the overall direction and
magnitude of cross-host genetic correlations reported across herbivorous taxa. I found that
aphids were the only taxa with consistently negative genetic correlations, and their data
overwhelmingly accounted for many of the strong negative effects observed across studies.
Further, genetic correlations between different traits on the same host, or between different
traits on different hosts, were significantly smaller than the “classic” cross-host correlation tradeoffs, suggesting that genetic linkages among fitness components are generally not strong
among herbivores. Finally, a meta-analysis of broad-sense heritabilities (measured as intraclass
correlations) revealed that genotypes poorly predicted variation in herbivore performance and
preference. These findings emphasize the need to develop alternative models of host
specialization, rather than the often-assumed antagonistic pleiotropy model, given that negative
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genetic correlations are uncommon and positive genetic correlations in host use are the norm
rather than the exception among herbivorous taxa.

Introduction
Specialization is ubiquitous among phytophagous arthropods, with many species having closely
related hosts from one or a few plant families (Futuyma and Agrawal 2009). The high degree of
diversity also observed within this trophic group is linked to adaptive radiations (e.g., Ehrlich and
Raven 1964) and the rapid diversification that occurs when taxa are coupled in defensive and
counter-defensive coevolutionary interactions (Karban and Agrawal 2009). Even phytophagous
taxa classified as generalist species exhibit some degree of host specialization at the population
level (Fox and Morrow 1981; Lajeunesse and Forbes 2002).
However, an ongoing challenge with this widespread specialization is lack of agreement
between clear macroevolutiony trends and genetic models used to explain why specialization is
so ubiquitous. Conventional predictions argue that specialization emerges due to genetic tradeoffs in host use—where specialization (host specificity) to one host plant species leads to a
negative genetic-correlation between performance and fitness on other host species (Fry 1996;
Schiers et al. 2005; Peterson et al. 2016). Yet experimental tests for this prediction are mixed,
and more often generate null or positive genetic correlations rather than negative ones (Fry
1996; Schiers et al. 2005; but also see MacKenzie 1996 and Hawthorne and Via 2001).
Selection experiments can provide a direct test for trade-offs arising via specialization by
measuring the effects of rapid evolution in novel environments (Fry 2003). For example, if
increases in fitness to novel hosts after selection is accompanied by reductions to the ancestral
or alternative hosts, then a tradeoff is revealed. However, examples of laboratory selection
experiments testing for these cross-host fitness trade-offs in randomly mating populations of
herbivores have largely been limited to studies using the spider mite Tetranychus urticae Koch
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(Gould 1979; Fry 1989, Agrawal 2000, Zydek and Lajeunesse unpublished data), although other
herbivore species that have been used include the aphids Rhopalosiphum maidis Fitch
(Caballero et al. 2001) and Aphis fabae Scopoli (Douglas 1997), the leaf beetle Leptinotarsa
decemlineata Say (Lu et al. 1997), the seed beetle Callosobruchus maculatus F. (Fricke and
Arnqvist 2007, Messina et al. 2009), and true bug Lygaeus equestris (Laukkanen et al. 2018).
Nevertheless, in this literature, experimental evolution typically has not shown reduced fitness
on ancestral hosts after rapid evolution on challenging novel hosts (also see Schiers et al.
2005).
An alternative approach to testing for trade-offs is to apply split-family experiments—a
quantitative genetic approach that aims to measure cross-host covariance of herbivore traits
among family lines (Hawthorne and Via 2001; Forister et al. 2007). At their simplest, split-family
experiments test trade-offs by assuming antagonistic pleiotropy (Via 1984; Fry 1993; Agosta
and Klemens 2009), which is often modelled as negative or small genetic correlations in a life
history trait between two host species (Fry 1996). This straightforward approach to testing
cross-host trade-offs has made antagonistic pleiotropy a popular model for predicting the origin
of host specialization in phytophagous arthropods (Via 1984; Fry 1993; Agosta and Klemens
2009). Yet cross-host genetic correlations are overwhelmingly non-significant or even positive
(Fry 1996; Scheirs et al. 2005). Consequently, subsequent research has emphasized the
multivariate structure of specialization, focusing on how genetic correlations in the expression of
various herbivore traits vary across host species (e.g. Hawthorne and Via 2001; Forister et al.
2007). This approach highlights positive effects of trait evolution, where linkage disequilibrium
among related traits facilitates rather than constrains the evolution of complex host-use traits
(e.g., cross-response cross-host genetic correlations; Lande and Arnold 1983; Via 1984; Blows
and Hoffmann 2005; Misevic et al. 2005; Forister 2007; Bartoszek et al. 2016). Investigating the
evolution of specialization within a multivariate context can also reveal complex trade-offs
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between different traits—such as the interaction between preference and performance on host
plants (i.e., cross-response same-host genetic correlations; e.g., Hawthorne and Via 2001).
Here, I aim to synthesize a network of genetic correlations: including those that test for
the well-known prediction of pair-wise trade-offs in host use (i.e., same-response cross-host
genetic correlations), as well as trade-offs among host use traits on the same host species (i.e.,
cross-response same-host genetic correlations), and finally multivariate trade-offs between
different host species and different host-use traits (i.e., cross-response cross-host genetic
correlations). Further, I aim to test the following moderators impacting the heterogeneity among
these genetic correlations.

Herbivore traits as Moderators of Cross-Host Genetic Correlations
I predict demographic heterogeneity among genetic correlations. For example, Scheirs et al.
(2005) emphasized the distinction between adult and offspring traits, providing evidence for a
cross-host trade-off between offspring and adult performance, which was mediated by adult
female oviposition behavior—thus illustrating the variable effects hosts can have on herbivores
at different life stages. Further, different modes of reproduction, and by extension, the different
breeding designs apply with each reproductive mode, can also contribute to variation of genetic
diversity measured—for example asexual taxa typically use clonal families rather than full- or
half-sib family lines to estimate genetic correlations (Via 1988).

Host traits as Moderators of Cross-Host Genetic Correlations
Closely related plants share anti-herbivore characteristics, such as physical defenses and
secondary chemistry (Fraenkel 1959; Wink 2003; Agrawal 2007; but also see Bernays and
Graham 1988; Sedio 2017). Consequently, phylogenetic conservatism in plant defensive traits
is strongly tied to taxonomic diversity and specialization of herbivores (e.g., Schoonhoven et al.
2005; Futuyma and Agrawal 2009). These coevolutionary links give rise to the hypothesis that
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phylogenies can be used to predict host use by herbivores. For example, Rasmann and
Agrawal (2011) discovered a negative linear relationship between performance in specialist
milkweed beetles and host phylogenetic distance from an ancestral milkweed host species.
Here I measure the degree to which herbivore cross-host fitness correlations are impacted by
phylogenetic distance, including the interaction between cross-host phylogenetic distance and
herbivore species propensity for polyphagy (i.e., host range or total number of known host
species), and test how the predicted covariance of host phylogenetic diversity and host range
predict the magnitude and direction of cross-host genetic correlations.

Synthesizing Heritabilities of Performance and Preference
Synthesizing cross-host genetic correlations can help quantify the direction of selection on host
use; however, heritability (here, a measure of within-genotype consistency in responses,
measured as the intraclass correlation, 𝐼𝐶𝐶), also provides relevant information regarding a
population’s response to selection (Visscher et al. 2009). When available from studies reporting
cross-host genetic correlations, I also use meta-analysis to synthesize broad-sense heritabilities
of split-family experiments to provide the first assessment of heritability in host preference and
performance of herbivorous taxa.

Methods
Collecting, Screening, and Extracting Genetic Correlations
Three separate keyword searches on Web of Science were performed in May 2017. The first
included: fitness trade-off AND host adaptation (yielding 220 candidate references); the second
used genetic correlation AND host AND fitness (175 candidates); and a third included: (558
candidates). I also included references from key narrative reviews on genetic trade-offs in host
use among herbivores (638 candidates; i.e., Futuyma and Moreno 1988; Jaenike 1990; Joshi
and Thompson 1995; Fry 1996; Schiers 2005). Only the title and abstract of these references
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were screened using the metagear package for R (v0.3; Lajeunesse 2016), where I aimed to
find (1) plant–insect studies with (2) a quantitative genetic component focusing on (3) pairwise
tradeoffs on two or more host plant species. I excluded GWAS studies since they do not report
research outcomes comparable to quantitative genetic studies.
34 references meet these eligibility criteria, and their full text were then screened for any
cross-host genetic correlations based on the same response outcome (e.g., fecundity,
preference, body size; Table 4.1). Studies investigating only same-host species correlations
were excluded.

Genetic Correlations as Effect Sizes
Cross-host genetic correlations are often estimated as a correlation coefficient (𝑟) across fullsib, half-sib, or clonal family/genotype means (see Via. 1984), such as a Pearson productmoment correlation across 𝑀 number of genetic family means between host species A and B
(𝑟

,

). An alternative approaches to estimating 𝑟 can use Spearman correlations (𝜌). Typically,

genetic family means are based on the same response outcome, and these are contrasted
between two host plants species (i.e., mean fecundity differences among genetic families
between two host species). Response outcomes are diverse and include life history and
performance metrics (e.g., development time, survival, fecundity), body size estimates (e.g.,
body length, weight, structural/morphological traits like tarsus length), host preference, or direct
fitness measures (e.g., intrinsic rate of population increase). Further, some studies also reported
“cross-correlations” of different response outcomes on the same or different host species (e.g.,
Hare and Kennedy 1986; Hawthorne and Via 2001; Agosta and Klemens 2009), or reported 𝑟
among sexes (e.g., Hare and Kennedy 1986). I also extracted these classes of genetic
correlations when available since they offer insight on the multivariate structure of
specialization. However, my original search criteria did not specifically target these types of
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genetic correlations, and therefore I assume they represent only a subset of these correlations
available in the literature.
In total, 449 same-response cross-host genetic correlations (𝑟), 62 cross-response
same-host correlations, and 37 cross-response cross-host correlations were extracted from 34
studies (see Table 4.1). Positive cross-host genetic correlations indicate lack of significant
genotype × environment interactions on herbivore fitness across pairs of hosts; negative crosshost genetic correlations indicate antagonistic pleiotropy among genotypes across pairs of
hosts.
To both simultaneously improve normality and stabilize variances for meta-analysis
(Olkin 1956), all 𝑟 were transformed into Fisher’s 𝑍 effect sizes with 𝑍
ln[1 − 𝑟

,

,

= 0.5( ln 1 + 𝑟

]), which have a large-sample approximated variance of 𝑣𝑎𝑟(𝑍

,

,

−

) = 1/(𝑀 − 3).

Following Lajeunesse (2013), Spearman correlations (ρ) were first converted into 𝑟 =
2 sin([𝜋𝜌]/6) before Fisher 𝑍 transformations.

Heritabilities as Effect Sizes
To further explore the effect of replication on genetic correlations, I calculated the broad-sense
heritability of genetic correlations as 𝐼𝐶𝐶 whenever the total number of individuals in each family
mean (𝑁 ) was reported. 𝐼𝐶𝐶 can be interpreted here as opportunity of selection, with large
values indicating higher heritability among genotypes and increased potential for response to
selection (Visscher et al. 2007). When random-effects models were reported, and if the
components of genotype variance (𝜎 ) and residual variance (𝜎 ) were reported for these
models, I calculated the 𝐼𝐶𝐶 following McGraw and Wong (1996; also Hoffmann 1999) as 𝐼𝐶𝐶 =
𝜎 /(𝜎 + 𝜎 ). When only fixed-effect models were reported, I estimated 𝐼𝐶𝐶 as an omegasquared (𝜔 ) correlation following Carroll and Nordholm (1975):
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,

𝜔 =

where 𝐹 is the 𝐹-test for the genotype factor included in the model, 𝑁 is the total sample size
(total number of siblings assayed in each pairwise cross-host contrast, across all genotypes),
and 𝑀 is the number of genotypes. In cases where only a Kruskal-Wallis H-test was reported
(𝐻 ) rather than genotype 𝐹-tests, 𝐼𝐶𝐶’s were estimated as eta-squared (𝜂 ) following Tomczak
and Tomczak (2014) with:
.

𝜂 =

When mixed-models were reported (i.e., with both fixed- and random-effect components), I
followed McGraw and Wong (1996) to estimate 𝐼𝐶𝐶 with:

𝐼𝐶𝐶 =

(

)

,

Where 𝑀𝑆 is the mean sum of squares of the either the genotype (G) or residual error (ϵ)
sources of the mixed-model. The majority of 𝐼𝐶𝐶 extracted from studies were estimated
following McGraw and Wong (1996; 266 of 342 𝐼𝐶𝐶’s extracted). Prior to meta-analysis, all
𝐼𝐶𝐶’s were converted into Fisher’s 𝑍 effect sizes following the bias-transformation described
earlier in Genetic correlations as effect sizes (Fisher 1934).

Dependencies Among Effect Sizes: Genetic Correlations with Common Hosts
Many studies reported cross-host correlations among multiple host species, and consequently
have several pairwise correlations that share a common host. Correlations with a common host
(e.g., 𝑟

,

and 𝑟

,

sharing host A) are not statistically independent, and following Olkin and Finn
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(1995) and Cohen et al. (2018), I modelled this dependency by estimating the covariance (𝑐𝑜𝑣)
among pairs of Fisher’s 𝑍 effect sizes with a common host species:

𝑐𝑜𝑣 𝑍
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Covariance among two effect sizes are then included as off-diagonals in the main samplingerror variance-covariance matrix (𝛆; see Meta-analysis of genetic correlations and heritabilities)
used in the weighting of effect sizes in meta-analysis (see Lajeunesse 2011).

Dependencies Among Effect Sizes: Phylogenetic History of Herbivores
I also modelled the phylogenetic relationships among herbivores included in my meta-analysis
(see Lajeunesse 2009). My phylogenetic correlation matrix (P) was derived from a composite
phylogeny assuming a Brownian motion model of phenotypic evolution (Rohlf 2001) using the
vcv() function of the ape package in R (Paradis et al. 2004). Twenty-nine arthropods species
were included in this ultrametric tree which uses the divergence times and topology from Misof
et al. (2014) for broad insect order relationships, Kim et al. (2011) for Homoptera, Wahlberg et
al. (2013) for Lepidioptera, and McKenna et al. (2015) for broad relationships within Coleoptera,
and finally Funk et al. (1995), McKenna and Farrell (2005), and Gómez-Zurita et al. (2007) for
narrow relationships among chrysomelids (Figure C1).

Moderator Groups and Hypothesis Tests
To test sources of heterogeneity among genetic correlations, I pooled correlations into groups
based on herbivore, plant host, and experimental/methodological moderators. Herbivorecentered moderators included: classes of response outcomes such as preference (i.e., nochoice assays for feeding acceptance or adult reproductive acceptance), performance (i.e.,
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morphological size of a segment or body part, weight, total body length, developmental time,
survival, fecundity), and fitness (e.g., life history table parameters like intrinsic rate of population
increase), the developmental stage for when response outcomes were measured (larval, adult,
or mixed), sex (male, female, or mixed), reproductive mode (e.g., cyclic parthenogenetic,
arrhenotokous, sexual), host specificity (the total the number of host species or families
recorded), and finally among Linnaean rankings at the taxonomic order level. Adult traits
measured upon eclosion could be treated as larval traits when they were the product of
development over larval stages (e.g., Schiers et al. 2005). The inverse of development time was
used in contrasts of cross-response correlations as shorter development times indicate quicker
development. Host moderators included: the phylogenetic distance between host species
(estimated in millions of years and based on standardized divergence times from Timetree;
Hedges and Kumar 2009), life-form (e.g., woody, herbaceous), and order-level Linnaean
rankings. Finally, the methodological moderators tested included: whether the study was
conducted in the field or lab, and whether full-sib, half-sib, or clonal families were used to
estimate genetic correlations.

Meta-analysis of Genetic Correlations and Heritabilities
I used a phylogenetic mixed-effects meta-analysis to combine and compare Fisher 𝑍
transformed correlations. In matrix notation, this hierarchical regression model is:

𝐙 = 𝐖𝛃 + 𝛆 + 𝜌 𝐏𝐉 + 𝛾 + 𝜏 ,

where 𝐙 is a column vector of 𝑘 number of Fisher’s 𝑍 transformed genetic correlations, 𝐖 a
regression design matrix of 𝑝 + 1 size with the first column modeling the intercept (column
vector of ones) and remaining 𝑝 number of columns modeling fixed-effect covariates (see
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Moderator groups and hypothesis tests), and finally 𝛃 is a column vector of regression
coefficients of 𝑝 + 1 size. The weights of each effect size are defined in a block diagonal
variance-covariance matrix 𝛆; where the main diagonal contains the individual weights of each
effect size estimated as 𝑣𝑎𝑟(𝑍) and the covariances (𝑐𝑜𝑣) between effect sizes that share a
common host species in off-diagonals. This model also assumes three random-effects
components. The first random-effects component models the classic between-study variance
component (𝜏 ) assumed by all random-effects meta-analyses (Koricheva et al. 2013). The
second uses an unstructured multivariate distribution (𝜌 𝐏𝐉) to model phylogenetic effects,
where 𝜌 is the estimated phylogenetic variance, 𝐏 is the phylogenetic correlation matrix (see
Dependencies among effect sizes: phylogenetic history of herbivores), and 𝐉 an indicator matrix
that links multiple effect sizes from a single species defined in 𝐏 and assumes that these
multiple effects share a covariance of one. The final random-effect component (𝛾 ) models the
overrepresentation of multiple effect sizes per study.
This phylogenetic mixed-effects meta-analysis model was implemented in R (v. 3.3.3; R
Core Team 2017) using the rma.mv function from the metafor package (v. 1.9-9; Viechtbauer
2010), and where the three random-effect components (𝜌 , 𝛾 , and 𝜏 ) were estimated via
maximum-likelihood (ML) using the nlminb optimizer. Confidence intervals (CI) not overlapping
with zero indicate significant non-zero effects within pooled groups. I used Wald-type z-tests to
compare differences among two groups of pooled effects arising within the same model, and
omnibus 𝑄 tests to test for multi-group differences (see Hedges and Olkin 1986). As a
reference point to help interpret the pooled magnitudes of effect sizes. I chose a value of 0.2 to
represent “low” heritability, a value consistent with the range of heritabilities observed in a
review by Visscher et al. (2009). This ‘low’ value for Heritability was converted to a Fisher Z
assuming heritability = 0.2 and N = 22 (see Heritabilities as effect sizes), which is the rounded
mean sample size across all heritabilities. The Fisher Z “low heritability” benchmark was
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estimated as: 0.959. Finally metafor’s regtest() function was used to implement Egger’s test for
publication bias (Egger et al. 1997).

Results
Methodological Confounds and Publication Bias
There were no differences among quantitative genetic statistical approaches to estimating
cross-host genetic correlations (i.e., cross-host regression across genotype mean responses)
using either Pearson (i.e., Via 1984), or Spearman rank correlations (QB = 0.8, d.f. = 1, p =
0.372; Figure C2). There was also no difference among genetic correlations when herbivore
responses were measured under field or laboratory conditions (QB = 0.3, d.f., = 2, p = 0.861).
There was significant positive asymmetry in the funnel distribution of effect sizes versus their
inverse fixed-effect weights among cross-host same-response genetic correlations, cross-host
cross-response genetic correlations, and heritabilities, but not among same-host crossresponse genetic correlations (see funnel plots and Egger’s tests in Figure C3). However, these
Egger’s tests for funnel asymmetry poorly evaluate publication bias in my data, as two of the
four assumptions for test validity were violated (e.g., significant heterogeneity among effects
and small within-study samples sizes; see Ioannidis and Trikalinos 2007).

Synthesis Composition and Overall Effects
Overall, 449 cross-host same-response effect sizes were extracted from 34 publications
reporting genetic correlations on a broad range of phytopagous arthropods including beetles,
moths and butterflies, hemipteran, and spider mites (see Table 4.1). In addition, 62 same-host
cross-response correlations, 37 cross-host cross-response correlations, and 247 broad-sense
heritabilities were extracted.
When pooling genetic correlations across 29 herbivore species (Figure C1), my
phylogenetic mixed-effects meta-analysis found that cross-host same-response genetic
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correlations were null (Figure 4.1). There were also no differences in these genetic correlations
when responses were based on either performance or preference traits; although there were too
few studies reporting genetic correlation based on host preference outcomes to make this a
strong contrast (Figure 4.1). These findings indicate that preference or performance responses
on one host plant species are not necessarily associated with negative responses on another—
as predicted by host specialization theory (Futuyma and Moreno 1988). However, parsing
performance measures revealed that genetic correlates measured using body size or fitness
tended to be significantly positive; whereas those based on development, survival, and
fecundity were null (Figure C2).
Correlations were significantly positive among juveniles and combined-age groups, but
were null for adults (Figure 4.1). Further, omission of the two combined-age observations
revealed that adult observations were significantly more negative than for juveniles (QB = 8.75, p
= 0.04). Correlations were positive for both males and females (including combined
measurements), but were only significantly non-zero for males (Figure 4.1), which differed
significantly from the former two groups.
Among the origins of family means (breeding designs), only those employing families
originating from full- and half-sib split-family designs had significantly positive correlations, while
wild clonal families had non-significant positive correlations, and hybrid clones had significantly
negative correlations (Figure 4.1). This final group also differed significantly from the others.
Among herbivore reproductive modes, arrhenotokous and sexually reproducing species
had significantly positive correlations, while those for cyclic parthenogenic species were
significantly negative (and significantly different from the former two groups), and those for
obligate parthenogenic species were null (Figure 4.1).
Among feeding guilds, only correlations from phloem feeders were significantly different
from, and more strongly negative than, the other groups, all of which were significantly positive
(Figure 4.2a). Similarly, genetic correlations were positive for all herbivore taxonomic orders
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excepting Hemiptera—for which correlations were negative and significantly different from other
orders, but not significantly different from zero (Figure 4.2a). This effect is largely due to the
strongly negative correlations observed primarily among aphid studies (Figure C2). Finally, only
Lepidoptera and Coleoptera had significantly positive genetic correlations.
Except for same-host cross-response genetic correlations, all genetic correlations
tended to be positively skewed (Figure 4.2b). Correlations were positive on closely related
plants for insects having small host ranges, but were null for insects having broad host ranges
(Figure 4.3). Further, positive correlations were also observed for insects with broad host ranges
when divergence time between hosts was large (Figure 4.3).
Finally, a meta-regression found broad-sense heritabilities in performance and
preference to be significantly positively correlated with cross-host genetic correlations (Z-test =
1.2, p = 0.034; Figure 4.3b). Although these values were low (see Figure 4.4), they were
consistent with other estimates of heritability for fitness traits (see Visscher et al. 2008).

Discussion
This meta-analysis does not support the hypothesis that high fitness on a given host entails low
fitness on other hosts—as cross-host genetic correlations in fitness were on average null or
positive across a broad diversity of phytophagous taxa, and that heritability was low. These
findings again emphasize that modelling host use specialization in herbivores via antagonistic
pleiotropy is not predictive of observed constraints but instead indicate that host evolution can
have positive effects on the fitness of alterative hosts. Further, this trend of positive or null
genetic correlations was consistent across age and sex (see Figures 4.1 and 4.2).
My results also demonstrate that despite the prevalent positivity of cross-host genetic
correlations, cross-response same-host and cross-response cross-host genetic correlations
tended to be significantly smaller—suggesting weak positive linkage among important herbivory
traits. These findings suggest that generalist host-use traits predominate among phytophagous
85

arthropods, despite predictions by Fox and Morrow (1981), and support the “general vigor”
hypothesis that some genotypes can be consistently more robust than others (Agosta and
Klemens 2009).
Given my findings, it is necessary to discuss why tradeoffs are difficult to detect (Fry
2003). It is possible that experiments are generally underpowered due to low phenotypic or
genetic variability in host use (Futuyma et al. 1995; Blows and Hoffmann 2005) or inadequate
replication. Inferring genetic correlations can further be limited when there are strong linkages
with traits not involved in host use (Joshi and Thompson 1995), or inconsistent linkage effects
among traits involved in host use (i.e. the difficult link between preference and performance;
Scheirs et al. 2005). Further, low genetic variation will increase the susceptibility of trade-offs
evolving via genetic drift (Futuyma et al. 1995; Blows and Hoffmann 2005; Fry 2003), and have
other contingency effects that affect the replication of selection and convergence of adaptive
trade-offs (Rodriguez-Vergado et al. 2014). Nevertheless, my results show that low genotypic
heritability in performance and preference does not prevent the evolution of significant positive
cross-host correlations.
My findings also pose the important question as to whether trade-offs are necessary to
invoke the evolution of host specialization (Kawecki 1997). Others have argued that antagonistic
pleiotropy is overly simplistic to model the polygenetic underpinnings of host use (Kawecki
1997), and that other mechanisms should be emphasized to explain how host specialization can
emerge without invoking tradeoffs—such as those based on neutral models of biodiversity and
web structure (Forister and Jenkins 2017). Contrary to scenarios of herbivore evolution that
invoke a priori genetic constraints on performance across multiple hosts, my meta-analysis
strongly emphasizes the need to develop new models for host specialization.
Though my results unambiguously indicate a lack of cross-host genetic tradeoffs among
herbivores, a significant limitation to my analysis was the paucity of data available on host
preference, with only three studies including such data (Tucic et al. 1997; Hawthorne and Via
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2001; Forister et al. 2007). Further, these preference responses were derived from no-choice
assays, and thus only incompletely measure host choice behaviors that would occur naturally in
the wild. Other ecologically relevant behavioral responses to hosts include those associated
with assortative mating or tri-trophic interactions. For example, patterns of herbivore distribution
may reflect availability of mates, or provision of enemy-free space, and associations with hosts
providing such benefits would be reinforced through the evolution of preference (Bernays and
Graham 1988, Hawthorne and Via 2001). Host preferences that evolve in response to such
ecological pressures potentially confound the results of fitness assays, and experimentally
would be difficult to parse from host effects that occur downstream of consumption (Forister et
al. 2007). In fact, upstream host preference effects may even be poorly correlated with
downstream performance (i.e., metabolic) effects (e.g., Bernays and Graham 1988; Futuyma
and Moreno 1988; Schiers et al. 2005, Forister et al. 2007). For example, my previous
experiments with spider mites (Chapters Two and Three) required analyses using zero-inflated
regression models since mites often refused to accept abandoned unsuitable or otherwise
repellant hosts. Nevertheless, in many host assays, spider mites that did not abandon their host
plant were still able to achieve moderate levels of fecundity on these hosts, thus illustrating an
example of poor correlation between herbivore host-acceptance and host suitability. While it is
difficult to parse the effects of preference from those of performance captured in assays, studies
that include details on feeding behavior, such as measurements of host consumption by
herbivores (e.g., Forister et al. 2007), provide valuable information that can help account for
correlated effects among preference and performance responses, and thus provide more
precise models of herbivory. Ultimately, the challenges associated with parsing the effects of
preference and performance, and lack of focus on herbivore preference responses in general,
highlights the confusion that can arise when comparing observations representing fundamental
niche derived from controlled lab experiments with those representing realized niche derived
from field ecological studies.
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In a previous review of split-family experiments, Scheirs et al. (2005) identified a
research gap for studies measuring adult responses to cross-host fitness assays, which is
echoed in this meta-analysis, with only 17.6% of all pooled effects represented by adult
responses. In their research, these authors identified an important trade-off between juvenile
and adult performance on different hosts in leaf miners, warranting further emphasis on these
complex phenotypic relationships. Only four studies included in this meta-analysis included data
for herbivores at both larval and adult stages (Via 1991, Fox 1994a; Lazarevic et al. 1998;
Forister et al. 2007; Vorburger et al. 2008 measured both age classes, but results were pooled,
preventing the calculation of correlations), highlighting that the investigation of cross-age-group
tradeoffs appears to be a promising but mostly overlooked dimension of host use and
specialization.
While all classes of genetic correlations were null, cross-response effects were
significantly smaller than cross-host correlations, suggesting that trade-offs among different
traits are more common than trade-offs in host use. The more strongly negatively skewed
values that were observed for cross-response-cross-host correlations also suggest that crosshost trade-offs involving multiple traits are more common than simple cross-host trade-offs
involving a single trait. However, it is important to emphasize here that my meta-analysis search
criteria did not aim to specifically seek cross-response genetic correlations—I was only able to
synthesize those reported within cross-host genetic correlations. Thus, future meta-analyses
should aim to synthesize these more thoroughly, to better assess multivariate trade-offs among
host use traits.
Finally, it is possible that overlooked aspects of herbivore biology, such as mating
success (Hawthorne and Via 2001, Yano et al. 2001) and predator avoidance (Bernays and
Graham 1988), play key roles in constraining trade-offs in host use. Future syntheses should
focus on their impacts, as well as explore more age-related effects and multivariate trade-offs
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(i.e., between preference and performance), in order to fill important knowledge gaps in
herbivore evolution and host use specialization.
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Tables
Table 4.1. Overview of studies included in the meta-analysis.
Herbivore sp. (Order)

herbivore
reproductive
mode

responses measured

age (sex)

Rothschildea lebeau
(Lepidoptera)

sexual

development time; survival

offspring (mixed
sexes)

Ballabeni et al.
(2003)

Oriena elongate
(Coleoptera)

sexual

development time; survival

offspring (mixed
sexes)

Ballabeni and Rahier
(2000)

Oriena elongate
(Coleoptera)

sexual

development time; survival;
body length

offspring (mixed
sexes)

Bossart (1998)

Papilio glaucus
(Lepidoptera)

sexual

development time; mass

offspring (mixed
sexes)

Rhopalosiphum maidis
(Hemiptera)

parthenogenetic

development time;
fecundity; population
fitness; survival

adult (female)

Calcagno et al.
(2007)

Ostrinia nubilalis
(Lepidoptera)

sexual

survival

offspring (mixed)

Douglas (1997)

Aphis fabae (Hemiptera)

parthenogenetic

fecundity

adult (female)

Ferrari et al. (2008)

Acyrthosiphum pisum
(Hemiptera)

parthenogenetic

survival

adult (female)

Forister et al. (2007)

Leptinotarsa
decemlineata
(Coleoptera)

sexual

development time;
individual fitness; mass;
preference; survival

adult and offspring
(mixed sexes)

Callosobruchus
maculatus (Coleoptera)

sexual

development time; length
(morphological); mass;
survival

offspring (female,
male, and mixed)

Fox and Caldwell
(1994)

Lygaeus kalmii
(Hemiptera)

sexual

development time; length
(morphological); survival

adult and offspring
(female, male, and
mixed)

Fox et al. (1994)

Stator limbatus
(Coleoptera)

sexual

development time; mass;
survival

offspring (female,
male, and mixed)

Futuyma and Philippi
(1987)

Alsophila pometaria
(Lepidoptera)

sexual

mass

offspring (mixed

Garcia-Robledo and
Horowitz (2011)

Cephaloleia belti
(Coleoptera)

sexual

development time; mass;
length (morphological);
survival

offspring (mixed)

Helicoverpa armigera
(Lepidotpera)

sexual

mass

offspring (mixed)

Leptinotarsa
decemlineata
(Coleoptera)

sexual

development time; mass;
survival

offspring (female,
male, and mixed)

study

Agosta and Klemens
(2009)

Caballero et al.
(2001)

Fox (1993)

Gu et al. (2001)

Hare and Kennedy
(1986)
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Table 4.1. (Continued)
study
Hawthorne and Via
(2001)

Herbivore sp. (Order)
Acyrthosiphon pisum
(Hemiptera)

herbivore
reproductive
mode

responses measured

age (sex)

parthenogenetic

fecundity; preference

Adult (female)

Karowe (1990)

Colias philodice
(Lepidoptera)

sexual

development time

offspring (mixed)

Keese (1998)

Ophraella notulata
(Coleoptera

sexual

development time; survival

offspring (mixed)

Laukkanen et al.
(2013)

Lygaeus equestris
(Hemiptera)

sexual

development time; survival

offspring (mixed)

Lazarevic et al.
(1998)

Lymantria dispar
(Lepidoptera)

sexual

development time;
fecundity; mass; survival

adult and offspring
(female and male)

Lazarevic et al.
(2002)

Lymantria dispar
(Lepidoptera)

sexual

development time; mass

offspring (female
and male)

Mackenzie (1996)

Aphis fabae (Hemiptera)

parthenogenetic

fecundity

adult (female)

Milanovic and
Glikman (2004)

Acanthoscelides obtectus
(Coleoptera)

sexual

development time; survival

offspring (female
and male)

Pashley (1988)

Spodoptera frugiperda
(Lepidoptera)

sexual

development time; mass;
survival

offspring (mixed)

Peppe and
Lomônaco (2008)

Myzus persicae
(Hemiptera)

parthenogenetic

length (morphological)

offspring (female)

Rausher (1984)

Deloyala gutata
(Coleoptera)

sexual

development time; mass;
survival

offspring (mixed)

Tucic et al. (1997)

Acanthoscelides obtectus
(Coleoptera)

sexual

development time;
fecundity; preference;
survival

offspring (female
and mixed

Ueno et al. (1997)

Epilachna pustulosa
(Coleoptera)

sexual

development time; mass;
length (morphological)

offspring (female
and male)

Ueno et al. (1999)

Henosepilachna
vigintioctomaculata
(Coleoptera)

sexual

development time; mass

offspring (mixed)

Ueno et al. (2003)

Epilachna pustulosa
(Coleoptera)

sexual

development time; mass;
survival

offspring (mixed)

Via (1991)

Acyrthospihon pisum
(Hemiptera)

parthenogenetic

fecundity; population
fitness; survival

adult and offspring
(female)

Vorburger and
Ramsauer (2008)

Myzus persicae
(Hemiptera)

parthenogenetic

individual fitness; survival

combined (female)

Yano et al. (2001)

Tetranychus urticae
(Acari)

arrhenotokous

fecundity

adult (female)
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adult (103)
-1

0

1

2

cross-host genetic correlation

Fisher's Z

± 95% CI

Figure 4.1. Forest plot of pooled effect sizes (Hedges’ d ± 95% CI) for cross-host genetic
correlations in phenotype (see Fig. C3 for a full breakdown of traits measured), including QB tests that contrasts moderator groups (specifically: response class, feeding guild, mode of
reproduction, sex, and age class). Numbers in parentheses indicate the total number of effect
sizes pooled, and 95% CI that do not overlap with zero are significant. The τ 2 represents the
classic between-study variances estimated for random-effects meta-analysis, γ 2 is the estimated
variance associated with representation of multiple effects per published study, and finally ρ 2 is
the variance associated with the herbivore phylogeny (see Figure C1).
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B
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clonal families [hybrid] (6)
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0
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cross-host genetic correlation

Fisher's Z
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(b)
grand mean (548)

pooledeffectacrossallstudies

cross-host same-response (449)

genetic correlation type
same-host cross-response (62)

Q 2B = 9.87, p = 0.007
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 = 0.047,  = 0.075,  = 0.047

cross-host cross-response (37)
-1

0

1

2

genetic correlation

Fisher's Z

± 95% CI

Figure 4.2. Forest plot of effect sizes (Hedges’ d ± 95% CI) for cross-host genetic correlations
in phenotype, including contrasts for the following moderator groups: herbivore order, life-form,
origin of family means (a); and forest plot of effect sizes (Hedges’ d ± 95% CI) for total crosshost genetic correlations, total cross-trait correlations, and total cross-host cross-trait
correlations in phenotype (b). See Introduction for descriptions of the correlation classes.
Interpretation of effect sizes is the same as Figure 4.1.
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(a)

(b)

1

(Fisher's Z )

cross-host genetic correlation

2

0

-1
0.0

0.5

1.0

1.5

broad-sense heritability
(Fisher's Z -transformed ICC)

Figure 4.3. Bivariate mixed-model phylogenetic meta-regression (a) of how host range (number
of host species) and the phylogenetic relatedness of these host species (phylogenetic diversity)
predicts the magnitude and direction of cross-host genetic correlations (Fisher’s Z). Values
numbered along isoclines represent the marginal pooled effects sizes (Z), and isoclines
presented in grey represent non-significant pooled effect sizes. Bivariate meta-regression (b) of
the relationship between heritability and cross-host genetic correlations with 95%CI around the
predicted slope.
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Figure 4.4. Forest plot of effect sizes (Hedges’ d ± 95% CI) for heritability in phenotype,
including contrasts for the following moderator groups: response class, feeding guild, mode of
reproduction, and insect order. A benchmark for a “low” heritability of 0.2 (transformed to
Fisher’s Z) was included as a reference point for interpretation of results.
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CHAPTER FIVE:
DISCUSSION

The results of my thesis are a point of departure from classical models of specialization defined
by antagonistic pleiotropy, and reveal important new questions regarding the evolution of host
specialization in herbivores. Chapters one and two suggest that cross-host genetic correlations
among the experimental populations of Tetranychus spider mites were largely positive since
increased fitness among novel host-selected populations also extended to other host species,
including distantly related ones. Thus, response to selection on one host can offer new
opportunities on other hosts. However, there are many questions that remain. For example, if
genetic correlations among herbivore populations are largely positive in general (Chapter three),
how do the generally poor-performing genotypes persist in those populations? Further, is there
a loss of important genetic diversity after selection? A complete understanding of herbivore host
specialization would include answers to these questions.
My selection experiments in Chapters one and two were useful in providing evidence of
direct microevolutionary responses by herbivore populations to the effects of colonizing novel
hosts. Since many herbivory traits are tailored towards circumventing plant physical defenses or
mitigating the deleterious effects of chemical defenses (Karban and Agrawal 2002), emphasis
on how these traits directly impact trophic interactions is naturally a primary focus of research
on herbivore specialization. However, selection experiments require highly controlled conditions
so that evolutionary responses can be confidently attributed to host plant phenotypes. This is a
blind-spot in research given that it is difficult to extrapolate how host-selection ultimately impacts
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how herbivores are distributed in natural environments. Perhaps synthesizing laboratory-based
empirical research with field ecological studies is required to shed light on this issue—such as
approaches that emphasize tri-trophic interactions with natural enemies. This simulates more
realistic conditions—given that herbivore host-preference is likely shaped by evolutionary
associations with enemy-free space (Bernays and Graham 1988, Oku et al. 2006). Focus on
host plant phenotype as the primary driver of herbivore evolution may be over-emphasized if its
impacts are overridden by tri-trophic interactions. Nevertheless, controlled experiments are still
useful for testing the genetic potential for host use, and clearly defining herbivore fundamental
niche along the host axis. Further, it is possible that trade-offs exist between traits related to
post-ingestive metabolism (performance in a strict sense), and those related to upstream host
choice behavior (Forister et al. 2007). It is also possible that the selective pressures on some
herbivore lineages can change over macroevolutionary timescales, and that plant chemical
defenses although once strong drivers of herbivore evolution, are no longer the main target of
selection. Ultimately, untangling the processes that define fundamental versus realized niche
will contribute greatly to clarifying theories on herbivore evolution.
In addition to the challenges posed by incorporating these layers of ecological and
evolutionary processes into models of host-use evolution in herbivores, it is also possible that
unquantified effects of tri-trophic interactions with endosymbionts impact the results of herbivory
studies. For example, egg viability and other reproductive traits in Tetranychus can be
manipulated by endosymbiotic strains of Wolbachia, the diversity of which is known to change
due to acclimation to laboratory conditions (Zele et al. 2020). Thus, it is possible that unintended
Wolbachia infection dynamics impacted the fitness assays conducted in Chapters Two and
Three. This emerging research focus highlights the difficulty in clearly defining fitness, and
deserves attention in the greater synthesis of herbivory research.
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As noted by Hawthorne and Via (2001) and Scheirs et al. (2005), fecundity—the primary
surrogate of fitness measured in herbivory experiments, including those reported in Chapters
Two and Three—is a trait governed by herbivore behavior as much as physiological capabilities
(or endosymbiotic interactions). For example, gravid female herbivores may choose certain
hosts for oviposition based on the potential for offspring provisioning (Schiers et al. 2005 and
references therein). In fact, much of the variation in the fecundity assays observed in Chapters
Two and Three was caused by zero-inflation due to females abandoning leaf discs before laying
eggs, demonstrating the clear impact of behavior on this surrogate of fitness. Further, host
choice in general is a complex behavior that is also impacted by associations with mate
availability (Yano et al. 2001, Yoshioka and Yano 2014), as well as the tri-trophic interactions
discussed above.
The prevalence of positive genetic correlations in cross-host performance reported in
this thesis suggests that generalism (polyphagy) in host use is an important though underemphasized phenomenon in many classical studies of herbivory relative to host specialization
(e.g., Ehrlich and Raven 1964, Fox and Morrow 1981, Jaenike 1990). Specifically, my selection
experiments, as well as Gould’s (1979), demonstrate that selection on a novel host carries with
it a pre-adaptive potential that confers increased fitness on other hosts. This result is not
surprising if genetic correlations in cross-host fitness are largely positive, as Chapter three
demonstrates.
Overall, the findings of my thesis fits with a model of specialization in which trade-offs
are accumulated over evolutionary time due to lack of exposure to their ancestral hosts, rather
than arising through antagonistic pleiotropy. This model is consistent with the only reported
instances of tradeoffs reported in selection experiments: those exhibited by “reversion lines” of
T. urticae (see Gould 1979, Fry 1990, Agrawal 2000). After selection to a challenging novel
host, these lineages can be reverted to their original state (i.e. lose their acquired increases in
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fitness on the novel selected host) if returned to a selection regime composed of their ancestral
host. This lability in the predicted negative effects of effects of specialization, coupled with the
pre-adaptive potential conferred by novel host-selection, remains largely understudied, and
points to more realistic genetic models with networks of pleiotropic effects rather than the oftenassumed pairwise trade-off in host use.
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Table A1. Summary statistics (mean, SD, N) of T. utricae fecundity (number of eggs laid in 48
hours) on eight host species, pre-and post-selection to cucumber (C. sativus) across three
replicate selection lines, and at the start and end of experiment for two cotton cotyledonmaintained lines.
cucumber-selected lines
line A

host
species

start

end

line B

start

end

cotton cotyledon-maintained lines
line C

start

end

line D

line E

start

end

start

end

(14.29,
8.71, 17)

Cucumis
sativus

(8.17,
(14.25,
7.41, 12) 10.06, 16)

(13.80,
7.37, 26)

(16.38,
9.18, 16)

(12.81,
(14.95,
6.20, 27) 9.91, 21)

(10.96,
9.04, 23)

(17.24,
9.58, 17)

(15.18,
7.51, 22)

Cucumis
melo

(10.14,
(12.11,
5.46, 7) 10.95, 17)

(11.31,
7.36, 16)

(17.56,
7.11, 16)

(13.72,
(13.57,
7.32, 18) 9.34, 21)

(8.00,
8.18, 20)

(19.86,
9.80, 14)

(12.14,
(14.67,
6.77, 21) 11.31, 18)

Cucurbuta
pepo

(7.71,
(17.94,
7.67, 7) 10.57, 18)

(12.85,
(15.88,
8.65, 20) 12.29, 16)

(16.5,
(19.75,
8.25, 20) 11.07, 20)

(13.56,
(13.93,
10.39, 16) 10.21, 14)

Momordica
charantia

(0.14,
0.38, 7)

(4.75,
4.54, 12)

Phaseolus
lunatus

(8.83,
(17.11,
9.77, 6) 10.99, 19)

(15.71,
(12.67,
6.67, 20) 10.52, 15)

Gossypium
hirsutum

(13.86,
(23.26,
5.46, 7) 11.95, 19)

Brassica
oleracea

(1.00,
2.24, 7)

Capsicum
annum

(1.33,
1.51, 6)

(5.17,
5.53, 18)

(4.29,
6.82, 14)

(2.44, (4.82, 5.04,
3.84 9)
17)

(18.41,
9.22, 22)

(12.59,
9.04, 17)

(2.00,
2.45, 7)

(5.88,
6.06, 17)

(0.00,
0.00, 5)

(3.42,
4.62, 12)

(17.95,
(17.72,
7.67, 19) 9.61, 18)

(14.06,
8.79, 18)

(20.25,
6.81, 12)

(18.15,
(18.86,
10.11, 20) 9.18, 14)

(17.77,
(16.20,
8.26, 22) 10.93, 10)

(18.16, (22.6, 9.81,
8.71, 25)
20)

(14.38,
(25.40,
8.95, 21) 13.15, 15)

(18.39,
(18.53,
7.17, 23) 12.25, 17)

(2.35,
3.30, 20)

(2.50, (1.46, 1.66,
3.37, 12)
13)

(1.44, (3.11, 4.74,
1.94, 9)
18)

(0.42,
1.13, 7)

(6.15,
5.13, 13)

(0.50,
0.84, 6)

(3.22,
4.89, 18)

(3.83,
5.17, 18)

(2.36,
(5.5, 9.36,
1.36, 11)
12)

(1.63, (3.81, 5.55,
1.51, 8)
16)

(1.25,
1.26, 4)

(3.73,
6.02, 15)

(3.17,
2.04, 6)

(5.8,
9.21, 15)
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Table A2. Regression coefficients and standard errors (S.E.) of zero-inflated negative-binomial
GLM model testing for consistency in T. urticae fecundity (number of eggs laid in 48 hours)
among replicate cucumber-selected lines on G. hirsutum cotyledons and C. sativus. This model
also allowed zero-inflation parameters to differ among host plant species. Groups include
fecundity ASSAY SPECIES (C. sativus, G. hirsutum), REPLICATE LINE of T. urticae colonies
(A, B, C), and TIME pre- and post-selection to C. sativus (start, end). Intercept is the reference
value for C. sativus (ASSAY_SPECIES) of selection line A (REPLICATE LINE) pre-selection
(start; TIME). No random-effects were included in either model; prior analyses including
REPLICATE LINE (m = 3) and fecundity assays before and after selection on C. sativus (TIME:
m = 2) as random effects did not yield differences regression coefficients or z-tests. Total N =
221. The effect term TIME is synonymous with “host selection” used in the text, and “start” and
“end” are synonymous with the levels pre- and post-selection, respectively.
Model factors

coefficients

S.E.

z

P

15.3
2.08
1.64
1.08
2.65
-0.64
0.08
-0.02
-1.75
-1.11

<0.0001
0.0378
0.1021
0.2790
0.0080
0.5207
0.9405
0.9872
0.0804
0.2667

FULL MODEL * (zero-inflation estimate = -2.40 ± 0.34 SE (intercept) – 0.08 ± 0.5 SE (cotton cotyledons))
overdispersion parameter for Type II negative binomial model = 5.54
Intercept
ASSAY SPECIES/Gossypium hirsutum
REPLICATE LINE/B
REPLICATE LINE/C
TIME/end
ASSAY SPECIES/Gossypium hirsutum × REPLICATE LINE/B
ASSAY SPECIES/Gossypium hirsutum × REPLICATE LINE/C
ASSAY SPECIES/Gossypium hirsutum × TIME/end
REPLICATE LINE/B × TIME/end
REPLICATE LINE/C × TIME/end

2.3851
0.3687
0.2885
0.1875
0.4636
-0.1259
0.0137
-0.0023
-0.3538
-0.212

0.1559
0.1775
0.1765
0.1732
0.1747
0.196
0.1834
0.1446
0.2023
0.1909

REDUCED MODEL ** (zero-inflation estimate = -2.39 ± 0.33 SE (intercept) – 0.09 ± 0.50 SE (cotton sotyledons))
overdispersion parameter for Type II negative binomial model = 5.39)
Intercept
ASSAY SPECIES/Gossypium hirsutum
REPLICATE LINE/B
REPLICATE LINE/C
TIME/end

2.5507
0.3418
0.0329
0.0422
0.2512

0.0977
0.0698
0.0985
0.0921
0.0728

26.1
4.9
0.33
0.46
3.45

<0.0001
<0.0001
0.7386
0.6466
0.0006

* Full Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME + ASSAY SPECIES × REPLICATE LINE + ASSAY
SPECIES × TIME + REPLICATE LINE × TIME
** Reduced Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME
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Table A3. Regression coefficients and standard errors (S.E.) of zero-inflated negative-binomial
GLM model testing for consistency in fecundity (number of eggs laid in 48 hours) on G. hirsutum
cotyledons and C. sativus hosts among replicate cotton-cotyledon maintained T. urticae lines.
This model also allowed zero-inflation parameters to differ among host plant species. Groups
include fecundity ASSAY SPECIES (C. sativus, G. hirsutum), REPLICATE LINE of T. urticae (D,
E), and TIME pre- and post-selection to C. sativus (start, end). Intercept is the reference value
for C. sativus (ASSAY_SPECIES) of selection line D (REPLICATE LINE) pre-selection (start;
TIME). No random-effects were included in either model; prior analyses including REPLICATE
LINE (m = 2) and fecundity assays at the start and end of the experiment (TIME: m = 2) as
random effects did not yield differences in regression coefficients or z-tests. Total N = 155. The
effect term TIME is synonymous with “host selection” used in the text, and “start” and “end” are
synonymous with the levels pre- and post-selection, respectively.
Model factors

coefficients

S.E.

z

P

0.1091
0.1381
0.1352
0.1401
0.1571
0.1578
0.1579

25.5
0.53
0.12
1.17
0.11
2.03
-1.37

<0.0001
0.5964
0.9088
0.2410
0.9130
0.0429
0.1714

FULL MODEL * (zero-inflation estimate = -1.72 ± 0.31 SE (intercept) – 0.42 ± 0.49 SE (cotton cotyledons))
overdispersion parameter for Type II negative binomial model = 6.64
2.7805
0.0731
0.0155
0.1643
0.0172
0.3194
-0.2160

Intercept
ASSAY SPECIES/Gossypium hirsutum
REPLICATE LINE/E
TIME/end
ASSAY SPECIES/Gossypium hirsutum  REPLICATE LINE/E
ASSAY SPECIES/Gossypium hirsutum  TIME/end
REPLICATE LINE/E  TIME/end

* Full Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME + ASSAY SPECIES 
REPLICATE LINE + ASSAY SPECIES  TIME + REPLICATE LINE  TIME
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Table A4. Coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM model
testing for heterogeneity in cucumber-selected line fecundity (number of eggs laid in 48 hours)
assays among a phylogenetically nested set of eight host species (see model fixed effects
below). Intercept is the reference value for Cucumis sativus (ASSAY_SPECIES) pre-selection
(TIME/start). TIME/end corresponds to post-selection fecundity. No random effects were
included in the model. Total N = 741.
Model factors

coefficients

S.E.

z

P

2.6156
0.0186
0.0621
-1.2807
0.3305
0.3282
-1.8773
-1.4333
0.1605
-0.0164
0.1730
0.4509
-0.2361
0.0716
0.0002
0.4528

0.0712
0.1138
0.1081
0.2518
0.1020
0.0963
0.3263
0.2327
0.1026
0.1550
0.1470
0.2973
0.1452
0.1371
0.3212
0.3051

36.8
0.16
0.57
-5.09
3.24
3.41
-5.75
-6.16
1.56
-0.11
1.18
1.52
-1.63
0.52
0.00
1.48

<0.0001
0.8703
0.5656
<0.0001
0.0012
0.0007
<0.0001
<0.0001
0.1178
0.9155
0.2393
0.1293
0.1039
0.6014
0.9994
0.1378

-2.4007
0.3553
0.2920
1.5537
0.3410
-0.0752
-0.2360
1.4379

0.3371
0.4677
0.4657
0.4511
0.4656
0.4995
3.0127
0.4810

-7.12
0.76
0.63
3.44
0.73
-0.15
-0.08
2.99

<0.0001
0.4474
0.5307
0.0006
0.4639
0.8803
0.9376
0.0028

CONDITIONAL MODEL * (overdispersion parameter for Type I negative binomial model = 3.42)
Intercept
ASSAY SPECIES/Cucumis melo
ASSAY SPECIES/Cucurbita pepo
ASSAY SPECIES/Momordica charantia
ASSAY SPECIES/Phaseolus lunatus
ASSAY SPECIES/Gossypium hirsutum
ASSAY SPECIES/Brassica oleracea
ASSAY SPECIES/Capsicum annuum
TIME/end
ASSAY SPECIES/Cucumis melo × TIME/end
ASSAY SPECIES/Cucurbita pepo × TIME/end
ASSAY SPECIES/Momordica charantia × TIME/end
ASSAY SPECIES/Phaseolus lunatus × TIME/end
ASSAY SPECIES/Gossypium hirsutum × TIME/end
ASSAY SPECIES/Brassica oleracea × TIME/end
ASSAY SPECIES/Capsicum annuum × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Cucumis melo
ASSAY SPECIES/Cucurbita pepo
ASSAY SPECIES/Momordica charantia
ASSAY SPECIES/Phaseolus lunatus
ASSAY SPECIES/Gossypium hirsutum
ASSAY SPECIES/Brassica oleracea
ASSAY SPECIES/Capsicum annuum
* Model: FECUNDITY ~ ASSAY SPECIES * TIME
** Model: ~ ASSAY SPECIES
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Table A5. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) in
cucumber-selected lines of T. urticae, across eight host species, pre-selection on C. sativus.
Above main diagonal are the Tukey’s HSD t-values of each contrast, and below the main
diagonal are the p-values for these post-hoc adjusted contrasts. Bold values indicate a
significant pairwise difference between two host species, and negative t-values indicate that T.
urticae fecundity was lower on the column-wise host species than the row-wise host species.
For example, M. charantia vs. G. hirutum equaled t = -6.43; indicating that fecundity was smaller
on M. charantia than cotton cotyledons.
Host
species

Capsicum
annuum

Brassica
oleracea

Gossypium
hirsutum

Phaseolus
lunatus

Momordica
charantia

Cucurbita
pepo

Cucumis
melo

Capsicum
annuum

-

-1.14

7.62

7.55

0.47

6.33

6.08

6.16

Brassica
oleracea

0.999

-

6.79

6.76

1.49

5.9

5.73

5.75

Gossypium
hirsutum

<0.001

<0.001

-

0.02

-6.43

-2.55

-2.8

-3.41

Phaseolus
lunatus

<0.001

<0.001

1.000

-

-6.38

-2.44

-2.7

-3.24

Momordica
charantia

1.000

0.983

<0.001

<0.001

-

5.27

5.05

5.09

Cucurbita
pepo

<0.001

<0.001

0.440

0.515

<0.001

-

-0.36

-0.58

Cucumis
melo

<0.001

<0.001

0.269

0.331

<0.001

1.000

-

-0.16

Cucumis
sativus

<0.001

<0.001

0.055

0.09

<0.001

1.000

1.000
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Cucumis
sativus

-

Table A6. Coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM model
testing for heterogeneity among two T. urticae lines continuously maintained on G. hirsutum
cotyledons based on fecundity assays (number of eggs laid in 48 hours) among a
phylogenetically nested set of eight host species (see conditional model fixed effects below).
Intercept is the reference value for C. sativus (ASSAY_SPECIES) pre-selection (TIME/start; i.e.
continued maintenance on G. hirsutum cotyledons). TIME/end corresponds to post-selection
observations. No random effects were included in the model. Total N = 486.
Model factors

coefficients

S.E.

z

P

2.8410
-0.3019
0.0893
-2.1928
0.0410
0.0395
-3.1289
-1.5270
0.0048
0.3430
-0.1935
1.2920
0.1598
0.3596
1.9253
0.6261

0.0842
0.1331
0.1191
0.5066
0.1198
0.1142
0.6086
0.3475
0.1234
0.1857
0.1827
0.5392
0.1757
0.1666
0.6311
0.4184

33.8
-2.27
0.75
-4.33
0.34
0.35
-5.14
-4.81
0.04
1.85
-1.06
2.40
0.91
2.16
3.05
1.50

<0.0001
0.0233
0.4536
<0.0001
0.7324
0.7295
<0.0001
<0.0001
0.9689
0.0648
0.2894
0.0166
0.3630
0.0309
0.0023
0.1345

-1.7248
-0.0295
-0.0567
0.8796
-0.7495
-0.4174
0.0754
1.1529

0.3148
0.4593
0.4662
0.5430
0.5644
0.4892
0.8303
0.4905

-5.48
-0.06
-0.12
1.62
-1.33
-0.85
0.09
2.35

<0.0001
0.9488
0.9032
0.1053
0.1842
0.3935
0.9277
0.0187

CONDITIONAL MODEL * (overdispersion parameter for Type I negative binomial model = 3.69)
Intercept
ASSAY SPECIES/Cucumis melo
ASSAY SPECIES/Cucurbita pepo
ASSAY SPECIES/Momordica charantia
ASSAY SPECIES/Phaseolus lunatus
ASSAY SPECIES/Gossypium hirsutum
ASSAY SPECIES/Brassica oleracea
ASSAY SPECIES/Capsicum annuum
TIME/end
ASSAY SPECIES/Cucumis melo × TIME/end
ASSAY SPECIES/Cucurbita pepo × TIME/end
ASSAY SPECIES/Momordica charantia × TIME/end
ASSAY SPECIES/Phaseolus lunatus × TIME/end
ASSAY SPECIES/Gossypium hirsutum × TIME/end
ASSAY SPECIES/Brassica oleracea × TIME/end
ASSAY SPECIES/Capsicum annuum × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Cucumis melo
ASSAY SPECIES/Cucurbita pepo
ASSAY SPECIES/Momordica charantia
ASSAY SPECIES/Phaseolus lunatus
ASSAY SPECIES/Gossypium hirsutum
ASSAY SPECIES/Brassica oleracea
ASSAY SPECIES/Capsicum annuum
* Model: FECUNDITY ~ ASSAY SPECIES * TIME
** Model: ~ ASSAY SPECIES
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Table A7. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) in cotton
cotyledon-maintained T. urticae lines across eight host species at the start of the experiment.
Above main diagonal are the Tukey’s HSD t-values of each contrast, and below the main
diagonal are the p-values for these post-hoc adjusted contrasts. Bold values indicate a
significant pairwise difference between two host species, and negative t-values indicate that T.
urticae fecundity was lower on the column-wise host species than the row-wise host species.
Host
species

Capsicum
annuum

Brassica
oleracea

Gossypium
hirsutum

Phaseolus
lunatus

Momordica
charantia

Cucurbita
pepo

Cucumis
melo

Cucumis
sativus

-

-2.37

4.95

4.93

-1.14

5.08

3.79

4.81

Brassica
oleracea

0.570

-

5.21

5.21

1.20

5.29

4.62

5.14

Gossypium
hirsutum

<0.001

<0.001

-

0.01

-4.41

0.43

-2.64

-0.35

Phaseolus
lunatus

<0.001

<0.001

1.000

-

-4.41

0.40

-2.55

-0.34

Momordica
charantia

0.999

0.998

0.001

0.001

-

4.50

3.71

4.33

Cucurbita
pepo

<0.001

<0.001

1.000

1.000

<0.001

-

-2.92

-0.75

Cucumis
melo

<0.001

<0.001

0.375

0.436

0.021

.207

-

2.27

Cucumis
sativus

0.002

<0.001

1.000

1.000

0.002

1.000

0.648

-

Capsicum
annuum
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Table A8. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) in
cucumber-selected lines of T. urticae, across eight host species, post-selection on C. sativus.
Above main diagonal are the Tukey’s HSD t-values of each contrast, and below the main
diagonal are the p-values for these post-hoc adjusted contrasts. Bold values indicate a
significant pairwise difference between two host species, and negative t-values indicate that T.
urticae fecundity was lower on the column-wise host species than the row-wise host species.
Host
species

Capsicum
annuum

Brassica
oleracea

Gossypium
hirsutum

Phaseolus
lunatus

Momordica
charantia

Cucurbita
pepo

Cucumis
melo

Cucumis
sativus

-

-2.32

6.75

5.18

0.61

5.92

4.72

4.71

Brassica
oleracea

0.612

-

6.64

5.72

2.84

6.15

5.45

5.44

Gossypium
hirsutum

<0.001

<0.001

-

-3.19

-7.45

-1.79

-4.06

-4.10

Phaseolus
lunatus

<0.001

<0.001

0.106

-

-5.48

1.44

-0.89

-0.91

Momordica
charantia

1.000

0.25

<0.001

<0.001

-

6.4

4.9

4.89

Cucurbita
pepo

<0.001

<0.001

0.579

0.988

<0.001

-

-2.33

-2.36

Cucumis
melo

<0.001

<0.001

0.005

1.000

<0.001

0.600

-

-0.02

Cucumis
sativus

<0.001

<0.001

0.005

1.000

<0.001

0.579

1.000

-

Capsicum
annuum
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Table A9. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) in cotton
cotyledon-maintained T. urticae lines across eight host species at the end of the experiment.
Above main diagonal are the Tukey’s HSD t-values of each contrast, and below the main
diagonal are the p-values for these post-hoc adjusted contrasts. Bold values indicate a
significant pairwise difference between two host species, and negative t-values indicate that T.
urticae fecundity was lower on the column-wise host species than the row-wise host species.
Host
species

Capsicum
annuum

Brassica
oleracea

Gossypium
hirsutum

Phaseolus
lunatus

Momordica
charantia

Cucurbita
pepo

Cucumis
melo

Cucumis
sativus

-

-0.89

4.83

4.04

0.00

2.87

3.45

3.30

Brassica
oleracea

1.000

-

6.71

5.79

1.01

4.43

5.12

4.96

Gossypium
hirsutum

<0.001

<0.001

-

-1.63

-6.10

-3.81

-2.92

-3.29

Phaseolus
lunatus

0.006

<0.001

0.962

-

-5.07

-2.20

-1.23

-1.56

Momordica
charantia

1.000

1.000

<0.001

<0.001

-

3.57

4.32

4.15

Cucurbita
pepo

0.235

0.001

0.015

0.697

0.034

-

1.04

0.75

Cucumis
melo

0.049

<0.001

0.210

0.998

0.002

1.000

-

-0.32

Cucumis
sativus

0.077

<0.001

0.080

0.974

0.004

1.000

1.000

-

Capsicum
annuum
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Table A10. Coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM
model testing for heterogeneity in fecundity (number of eggs laid in 48 hours) among cucumberselected lines of T. urticae as a function of host phylogenetic distance from C. sativus (see
model fixed effects below). Intercept is the reference value for C. sativus (ASSAY_SPECIES)
pre-selection (start; TIME). TIME/end corresponds to post-selection fecundity. No random
effects were included in the model. Total N = 638.
Model factors

coefficients

S.E.

z

P

2.7282
-0.0058
0.1865
-0.0009

0.0641
0.0012
0.0859
0.0015

42.53
-4.93
2.17
-0.56

<0.0001
<0.0001
0.0299
0.5777

-2.4567
0.3588
0.2267
1.8413
-0.3528
1.8820
1.5567

0.3554
0.910
0.5041
0.4316
0.7657
0.4408
0.4728

-6.91
0.73
0.45
4.27
-0.46
-4.27
3.29

<0.0001
0.4650
0.6529
<0.0001
0.6450
<0.0001
0.0010

CONDITIONAL MODEL * (overdispersion parameter for Type I negative binomial model = 6.64)
Intercept
PHYLOGENETIC DISTANCE
TIME/end
PHYLOGENETIC DISTANCE × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Cucumis melo
ASSAY SPECIES/Cucurbita pepo
ASSAY SPECIES/Momordica charantia
ASSAY SPECIES/Phaseolus lunatus
ASSAY SPECIES/Brassica oleracea
ASSAY SPECIES/Capsicum annuum
* Model: FECUNDITY ~ PHYLOGENETIC DISTANCE * TIME
** Model: ~ ASSAY SPECIES
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Table A11. Coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM
model testing for heterogeneity in fecundity (number of eggs laid in 48 hours) among cotton
cotyledon-maintained lines of T. urticae as a function of host phylogenetic distance from C.
sativus (see model fixed effects below). Intercept is the reference value for C. sativus
(ASSAY_SPECIES) at the start of the experiment (start; TIME). TIME/end corresponds to postselection fecundity. No random effects were included in the model. Total N = 410.
Model factors

coefficients

S.E.

z

P

2.8460
-0.0040
0.0452
-0.0012

0.0716
0.0014
0.1015
0.0018

39.72
-2.91
0.45
-0.68

<0.0001
0.0036
0.6563
0.4991

-1.7482
-0.0162
-0.0845
1.3752
-1.1560
1.2909
1.2032

0.3214
0.4656
0.4821
0.4551
0.7959
0.4568
0.4793

-5.44
-0.04
-0.18
3.02
-1.45
2.83
2.51

<0.0001
0.9723
0.8608
0.0025
0.1464
0.0047
0.0121

CONDITIONAL MODEL * (overdispersion parameter for Type I negative binomial model = 6.36)
Intercept
PHYLOGENETIC DISTANCE
TIME/end
PHYLOGENETIC DISTANCE × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Cucumis melo
ASSAY SPECIES/Cucurbita pepo
ASSAY SPECIES/Momordica charantia
ASSAY SPECIES/Phaseolus lunatus
ASSAY SPECIES/Brassica oleracea
ASSAY SPECIES/Capsicum annuum
* Model: FECUNDITY ~ PHYLOGENETIC DISTANCE * TIME
** Model: ~ ASSAY SPECIES
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Table B1. Environmental chamber regimes used for growing plant material during different
periods of plant lifecycle.
(a) Growing conditions for sprouting plants
Time

Temperature (°C)
Light Step
Relative Humidity (%)

0:00

3:00

6:00

9:00

12:00

15:00

18:00

21:00

25

25

26

28

29

30

28

26

0

0

3

4

5

5

3

0

70

70

60

50

50

50

60

70

(b) Growing conditions for adult plants (option 1)
Time
Temperature (°C)
Light Step
Relative Humidity (%)

0:00

3:00

6:00

9:00

12:00

15:00

18:00

21:00

20

20

25

25

30

30

25

25

0

0

5

5

5

5

5

0

65

65

65

65

65

65

65

65

(c) Growing conditions for adult plants (option 2)
Time
Temperature (°C)
Light Step
Relative Humidity (%)

0:00

3:00

6:00

9:00

12:00

15:00

18:00

21:00

18

20

22

25

30

30

27

25

0

5

5

5

5

5

5

0

70

70

70

70

70

70

70

70

123

Table B2. Summary statistics (mean, S.D., N) for fecundity (eggs laid per female in 72 hour)
among replicate tomato-selected and eggplant-maintained lines of T. evansi across eight novel
host plant species, at the start and end of the selection experiment (i.e. pre-and post-selection).
tomato-selected lines
Line A

host
species

eggplant-maintained lines

Line B

Line C

Line D

start

end

start

end

start

end

start

end

Solanum
lycopersicum

(9.88,
5.30, 8)

(9.45,
6.69, 11)

(7.63,
8.26, 8)

(6.82,
7.92, 11)

(10.13,
8.85, 8)

(11.64,
7.34, 11)

(13.50,
7.13, 8)

(5.09,
7.58, 11)

Solanum
nigrum

(8.75,
8.15, 8)

(13.72,
9.49, 11)

(13.13,
9.20, 8)

(13.00,
9.10, 11)

(9.00,
8.19, 8)

(6.45,
5.59, 11)

(10.75,
8.53, 8)

(12.64,
9.50, 11)

Solanum
melongena

(13.25,
10.55, 8)

(21.45,
7.27, 11)

(24.00,
11.81, 8)

(15.91,
10.09, 11)

(23.13,
13.92, 8)

(21.55,
7.69, 11)

(17.63,
10.37, 8)

(21.30,
8.42,10)

Solanum
macrocarpon

(6.25,
10.22,8)

(24.18,
3.82, 11)

(9.88,
10.52, 8)

(11.64,
13.54, 11)

(7.63,
8.86, 8)

(14.09,
12.57, 11)

(9.88,
9.93, 8)

(11.55,
13.07, 11)

Jaltomata
procumbens

(2.25,
3.06, 8)

(0.27,
0.65, 11)

(1.75,
2.87, 8)

(2.82,
4.98, 11)

(3.00,
4.75, 8)

(0.72,
0.79, 11)

(6.38,
7.21, 8)

(0.00,
0.00, 11)

Capsicum
annuum

(0.00,
0.00, 8)

(0.00,
0.00, 11)

(0.88,
1.36, 8)

(0.00,
0.00, 11)

(0.13,
0.35, 8)

(0.00,
0.00, 10)

(1.25,
2.31, 8)

(0.00,
0.00, 11)

Nicotiana
sylvestris

(4.24,
5.31, 8)

(4.64,
6.44, 11)

(3.38,
4.90, 8)

(3.36,
3.75, 11)

(5.75,
8.92, 8)

(2.18,
4.33, 11)

(4.25,
4.68, 8)

(1.55,
3.78, 11)

Gossypium
hirsutum

(2.80,
7.27, 10)

(0.36,
0.67, 11)

(0.10,
0.32, 10)

(0.27,
0.90, 11)

(0.00,
0.00, 10)

(0.09,
0.30, 11)

(1.60,
4.12, 10)

(0.10,
0.32, 10)
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Table B3. Summary statistics (mean, S.D., N) for size (scored on a scale 0-4, roughly
corresponding to number of molts; see Materials and Methods for description) among replicate
tomato-selected and eggplant-maintained lines of T. evansi, across eight novel host plant
species, at the start and end of the selection experiment (i.e. pre- and post-selection).
tomato-selected lines
Line A

host
species

eggplant-maintained lines

Line B

Line C

Line D

start

end

start

end

start

end

start

end

Solanum
lycopersicum

(2.08,
1.29, 40)

(2.92,
1.71, 25)

(2.23,
1.42, 40)

(3.12,
1.45, 25)

(1.20,
1.32, 40)

(3.68,
0.85, 25)

(2.29,
1.58, 35)

(3.44,
1.12, 25)

Solanum
nigrum

(1.70,
1.24, 40)

(2.92,
1.61, 25)

(1.73,
1.36, 40)

(2.56,
1.78, 25)

(1.76,
1.26, 40)

(1.68,
1.89, 25)

(1.88,
1.45, 40)

(2.04,
1.74, 25)

Solanum
melongena

(2.15,
1.39, 40

(3.12,
1.62, 25)

(2.53,
1.45, 40)

(3.28,
1.49, 25)

(2.48,
1.40, 40)

(3.16,
1.62, 25)

(2.33,
1.49, 40)

(3.36,
1.38,25)

Solanum
macrocarpon

(1.93,
1.25, 40)

(3.12,
1.64, 25)

(2.68,
1.16, 40)

(3.08,
0.82, 25)

(2.00,
1.26, 40)

(2.84,
1.82, 25)

(2.93,
1.37, 40)

(3.68,
1.11, 25)

Jaltomata
procumbens

(1.63,
1.35, 40)

(0.84,
1.43, 25)

(1.35,
1.41, 40)

(1.28,
1.67, 25)

(1.45,
1.36, 40)

(0.45,
1.15, 25)

(1.68,
1.56, 40)

(0.60,
1.29, 25)

Capsicum
annuum

(0.75,
0.87, 40)

(0.00,
0.00, 25)

(0.60,
0.87, 40)

(0.00,
0.00, 25)

(0.63,
0.84, 40)

(0.00,
0.00, 25)

(0.50,
0.78, 40)

(0.04,
0.20, 25)

Nicotiana
sylvestris

(1.50,
1.22, 40)

(2.52,
1.71, 25)

(2.10,
1.35, 40)

(2.00,
1.98, 25)

(1.40,
1.52, 40)

(1.48,
1.61, 25)

(1.90,
1.53, 40)

(1.12,
1.69, 25)

Gossypium
hirsutum

(0.28,
0.45, 50)

(0.00,
0.00, 25)

(0.22,
0.46, 50)

(0.04,
0.20, 25)

(0.120,
0.33, 50)

(0.00,
0.00, 25)

(0.34,
0.52, 50)

(0.00,
0.00, 25)
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Table B4. Regression coefficients and standard errors (S.E.) of zero-inflated negative-binomial
GLM model testing for consistency in fecundity (eggs laid in 72 hours) among replicate tomatoselected lines of T. evansi on tomato and eggplant. This model also allowed zero-inflation
parameters to differ among host plant species. Groups include fitness ASSAY SPECIES (S.
lycopersicum, S. melongena), REPLICATE LINE of T. evansi (A, B), and TIME pre- and postselection on S. lycopersicum (start, end). Intercept is the reference value for S. lycopersicum
(ASSAY_SPECIES) of selection line A (REPLICATE LINE) pre-selection (TIME: start). No
random-effects were included in either model; prior analyses including REPLICATE LINE (m =
2) and TIME (m = 2) as random effects did not yield differences in regression coefficients or ztests. Total N = 76.
Model factors

coefficients

S.E.

z

P

0.1729
0.2334
0.2449
0.2191
0.2578
0.2601
0.2579

12.79
3.21
1.66
0.88
-0.49
-0.512
-1.50

<0.0001
0.0013
0.0958
0.3812
0.6255
0.6089
0.1338

0.1376
0.1312
0.1306
0.1315

17.33
4.82
0.87
-0.47

<0.0001
<0.0001
0.387
0.638

FULL MODEL *
zero-inflation estimate = -1.18 ± 0.38 SE (intercept) – 0.96 ± 0.65 SE (eggplant)
overdispersion parameter for Type II negative binomial model = 5.64)
Intercept
ASSAY HOST/Solanum melongena
REPLICATE LINE/B
TIME/end
ASSAY SPECIES/ Solanum melongena  REPLICATE LINE/B
ASSAY SPECIES/ Solanum melongena  TIME/end
REPLICATE LINE/B  TIME/end

2.2118
0.7497
0.4080
0.1919
-0.1258
-0.1331
-0.3867

REDUCED MODEL **
zero-inflation estimate = -1.18 ± 0.38 SE (intercept) – 0.96 ± 0.65 SE (eggplant)
overdispersion parameter for Type II negative binomial model = 5.17)
Intercept
ASSAY SPECIES/ Solanum melongena
REPLICATE LINE/B
TIME/end

2.3842
0.6327
0.1130
-0.0618

* Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME + ASSAY SPECIES 
REPLICATE LINE + ASSAY SPECIES  TIME + REPLICATE LINE  TIME
** Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME
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Table B5. Regression coefficients and standard errors (S.E.) of zero-inflated negative-binomial
GLM model testing for consistency in fecundity (eggs laid in 72 hours) among replicate
eggplant-maintained lines of T. evansi on S. lycopersicum and S. melongena. This model also
allowed zero-inflation parameters to differ among host plant species. Groups include fitness
ASSAY SPECIES (Solanum lycopersicum, Solanum melongena), REPLICATE LINE of T.
evansi (C, D), and TIME at the start and end of the experiment (i.e. before and after continued
maintenance on S. melongena, respectively). Intercept is the reference value for S.
lycopersicum (ASSAY_SPECIES) of selection line C (REPLICATE LINE) pre-selection (TIME:
start). No random-effects were included in either model; prior analyses including REPLICATE
LINE (m = 2) and TIME (m = 2) as random effects did not yield differences in regression
coefficients or z-tests. Total N = 75.
Model factors

coefficients

S.E.

z

P

0.1933
0.2374
0.2381
0.2342
0.2682
0.2671
0.2631

13.29
2.58
-0.25
0.01
-0.58
-0.17
0.27

<0.0001
0.0099
0.8004
0.9920
0.5616
0.8626
0.7904

0.1343
0.1312
0.1295
0.1302

19.40
3.98
-0.91
-0.02

<0.0001
<0.0001
0.361
0.987

FULL MODEL *
zero-inflation estimate = -1.18 ± 0.38 SE (intercept) – 2.41 ± 1.09 SE (eggplant)
overdispersion parameter for Type II negative binomial model = 5.64)
Intercept
ASSAY HOST/Solanum melongena
REPLICATE LINE/D
TIME/end
ASSAY SPECIES/ Solanum melongena  REPLICATE LINE/D
ASSAY SPECIES/ Solanum melongena  TIME/end
REPLICATE LINE/D  TIME/end

2.5673
0.6122
-0.0602
0.0023
-0.1557
-0.0462
0.0699

REDUCED MODEL **
zero-inflation estimate = -1.18 ± 0.38 SE (intercept) – 2.41 ± 1.09 SE (eggplant)
overdispersion parameter for Type II negative binomial model = 5.17)
Intercept
ASSAY SPECIES/ Solanum melongena
REPLICATE LINE/D
TIME/end

2.6062
0.5214
-0.1181
-0.0021

* Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME + ASSAY SPECIES 
REPLICATE LINE + ASSAY SPECIES  TIME + REPLICATE LINE  TIME
** Model: FECUNDITY ~ ASSAY SPECIES + REPLICATE LINE + TIME
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Table B6. Coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM model
testing for heterogeneity in fecundity (number of eggs laid in 72 hours) of tomato-selected lines
of T. evansi across a phylogenetically nested set of eight novel host species (see model fixed
effects below). Intercept is the reference value for S. lycopersicum (ASSAY_SPECIES), preselection (TIME/start). TIME/end corresponds to post-selection observations. No random effects
were included in the model. Total N = 308.
Model factors

coefficients

S.E.

z

P

2.375
0.1984
0.7491
0.3564
-1.168
-2.966
-0.5464
-0.4585
0.0234
0.3669
-1.815
0.4937
-0.5349
-2.907
-0.1641
-1.376

0.1579
0.2127
0.1918
0.2327
0.4623
0.5250
0.3164
0.5147
0.2120
0.2764
0.2559
0.2875
0.5622
0.0001
0.4123
0.7927

15.0
0.93
3.91
1.53
-2.53
-5.65
-1.73
-0.89
0.11
1.33
-0.71
1.72
-0.95
0.00
-0.40
-1.74

<0.0001
0.3510
<0.0001
0.1256
0.0116
<0.0001
0.0842
0.3730
0.9122
0.1844
0.4781
0.0860
0.3414
1.000
0.6905
0.0826

-1.1905
0.0179
-0.9498
0.6507
0.6307
-13.80
0.5988
2.4845

0.3878
0.5446
0.6557
0.5134
0.8044
3486.2
0.5427
0.6097

-3.07
0.03
-1.45
1.27
0.78
-0.004
1.10
4.08

0.0021
0.9738
0.1475
0.2051
0.4330
0.9968
0.2699
<0.0001

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 2.64
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum
TIME/end
ASSAY SPECIES/Solanum nigrum  TIME/end
ASSAY SPECIES/Solanum melongena  TIME/end
ASSAY SPECIES/Solanum macrocarpon  TIME/end
ASSAY SPECIES/Jaltomata procumbens  TIME/end
ASSAY SPECIES/Capsicum annuum  TIME/end
ASSAY SPECIES/Nicotiana sylvestris  TIME/end
ASSAY SPECIES/Gossypium hirsutum  TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ ASSAY SPECIES * TIME
**Model: ~ ASSAY SPECIES

128

Table B7. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) across eight
novel host species for tomato-selected lines of T. evansi pre-selection on S. lycopersicum (data
for replicate lines pooled). Above main diagonal are the Tukey’s HSD t-values of each contrast,
and below the main diagonal are the p-values these post-hoc adjusted contrasts. Bold values
indicate a significant pairwise difference between two host species, and negative t-values
indicate that fecundity was lower on the column-wise host species than the row-wise host
species. For example, S. lycopersicum vs. S. melongena equaled t = -3.91; indicating that
fecundity was lower on S. lycopersicum than S. melongena.
Host
species

Gossypium
hirsutum

Nicotiana
sylvestris

Capsicum
annuum

Jaltomata
procumbens

Solanum
macrocarpon

Solanum
melongena

Solanum
nigrum

Solanum
lycopersicum

-

-0.16

-3.56

-1.09

1.57

2.41

1.29

0.89

Nicotiana
sylvestris

1.000

-

-4.23

-1.21

2.79

4.39

2.41

1.73

Capsicum
annuum

0.036

0.003

-

2.70

6.27

7.24

6.07

5.65

Jaltomata
procumbens

0.999

0.998

0.339

-

3.27

4.28

2.99

2.53

Solanum
macrocarpon

0.972

0.278

<0.001

0.087

-

1.93

-0.71

-1.53

Solanum
melongena

0.544

0.002

<0.001

0.003

0.858

-

-3.06

-3.91

Solanum
nigrum

0.996

0.543

<0.001

0.181

1.000

0.152

-

-0.93

Solanum
lycopersicum

1.000

0.938

<0.001

0.456

0.978

0.011

1.000

-

Gossypium
hirsutum

129

Table B8. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) for tomatoselected lines of T. evansi, across eight novel host species, post-selection to S. lycopersicum
(data for replicate lines pooled). Above main diagonal are the Tukey’s HSD t-values of each
contrast, and below the main diagonal are the p-values these post-hoc adjusted contrasts. Bold
values indicate a significant pairwise difference between two host species, and negative tvalues indicate that fecundity was lower on the column-wise host species than the row-wise
host species.
Host
species

Gossypium
hirsutum

Nicotiana
sylvestris

Capsicum
annuum

Jaltomata
procumbens

Solanum
macrocarpon

Solanum
melongena

Solanum
nigrum

Solanum
lycopersicum

-

0.17

0.00

0.17

4.39

3.92

3.91

2.95

Nicotiana
sylvestris

0.937

-

0.00

-1.91

6.26

5.12

5.01

2.62

Capsicum
annuum

1.000

1.000

-

0.00

0.00

0.00

0.00

0.00

Jaltomata
procumbens

1.000

0.867

1.000

-

5.39

4.79

4.76

3.51

Solanum
macrocarpon

0.002

<0.001

1.000

<0.001

-

-2.17

-2.04

-5.03

Solanum
melongena

0.011

<0.001

1.000

<0.001

0.721

-

-0.02

-3.35

Solanum
nigrum

0.011

<0.001

1.000

<0.001

0.800

1.000

-

-3.20

Solanum
lycopersicum

0.198

0.393

1.000

0.043

<0.001

0.070

0.105

-

Gossypium
hirsutum
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Table B9. Coefficients and standard errors (S.E.) of zero-inflated negative-binomial GLM model
testing for heterogeneity in fecundity (number of eggs laid in 72 hours) of eggplant-maintained
lines of T. evansi across a phylogenetically nested set of eight novel host species (replicate
lines pooled; see model fixed effects below). Intercept is the reference value for Solanum
lycopersicum (ASSAY_SPECIES), pre-selection (TIME/start; i.e. continued maintenance on
eggplant). TIME/end corresponds to post-selection observations. No random effects were
included in the model. Total N = 305.
Model factors

coefficients

S.E.

z

P

2.5003
0.1065
0.5379
0.2905
-0.0658
-1.3984
-0.5318
-0.4737
0.0885
-0.3037
-0.0489
0.2099
-2.3025
-18.366
-0.3558
-1.9062

0.1469
0.2135
0.1855
0.2190
0.2668
0.8986
0.2783
0.5782
0.2079
0.2969
0.2548
0.2893
0.5730
3475.8
0.5936
10.366

17.0
0.50
2.90
1.33
-0.25
-1.56
-1.91
-0.82
0.43
-1.02
-0.19
0.73
-4.02
-0.01
-0.60
-1.84

<0.0001
0.6179
0.0037
0.1847
0.8052
0.1196
0.0560
0.4126
0.6704
0.3063
0.8479
0.4681
<0.0001
0.9958
0.5489
0.0652

-1.1817
-0.1633
-2.4050
0.8625
1.2034
2.2633
1.3653
3.0015

0.3851
0.5592
1.0874
0.5063
0.5930
0.9761
0.4525
0.7044

-3.07
-0.29
-2.21
1.70
2.03
2.32
2.52
4.26

0.0022
0.7703
0.0270
0.0885
0.0424
0.0204
0.0119
<0.0001

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 3.2
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum
TIME/end
ASSAY SPECIES/Solanum nigrum  TIME/end
ASSAY SPECIES/Solanum melongena  TIME/end
ASSAY SPECIES/Solanum macrocarpon  TIME/end
ASSAY SPECIES/Jaltomata procumbens  TIME/end
ASSAY SPECIES/Capsicum annuum  TIME/end
ASSAY SPECIES/Nicotiana sylvestris  TIME/end
ASSAY SPECIES/Gossypium hirsutum  TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ ASSAY SPECIES * TIME
** Model: ~ ASSAY SPECIES
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Table B10. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) for
eggplant-maintained lines of T. evansi, across eight novel host species at the start of the
experiment (i.e. before continued maintenance on S. melongena; data for replicate lines
pooled). Above main diagonal are the Tukey’s HSD t-values of each contrast, and below the
main diagonal are the p-values these post-hoc adjusted contrasts. Bold values indicate a
significant pairwise difference between two host species, and negative t-values indicate that
spider mite fecundity was lower on the column-wise host species than the row-wise host
species.
Host
species

Gossypium
hirsutum

Nicotiana
sylvestris

Capsicum
annuum

Jaltomata
procumbens

Solanum
macrocarpon

Solanum
melongena

Solanum
nigrum

Solanum
lycopersicum

-

-0.10

-0.88

0.68

1.31

1.77

1.00

0.82

Nicotiana
sylvestris

1.000

-

-0.94

1.43

2.86

4.07

2.26

1.91

Capsicum
annuum

1.000

1.000

-

1.46

1.87

2.17

1.67

1.56

Jaltomata
procumbens

1.000

0.988

0.986

-

1.29

2.41

0.63

0.25

Solanum
macrocarpon

0.995

0.241

0.886

0.996

-

1.24

-0.82

-1.33

Solanum
melongena

0.924

0.006

0.719

0.542

0.997

-

-2.24

-2.90

Solanum
nigrum

1.000

0.657

0.952

1.000

1.000

0.669

-

-0.50

Solanum
lycopersicum

1.000

0.868

0.974

1.000

0.995

0.222

1.000

-

Gossypium
hirsutum
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Table B11. Tukey’s pairwise contrasts of fecundity (number of eggs laid in 48 hours) for
eggplant-maintained lines of T. evansi, across eight novel host species at the end of the
experiment (i.e., after continued maintenance S. melongena; data for replicate lines pooled).
Above main diagonal are the Tukey’s HSD t-values of each contrast, and below the main
diagonal are the p-values these post-hoc adjusted contrasts. Bold values indicate a significant
pairwise difference between two host species, and negative t-values indicate that fecundity was
lower on the column-wise host species than the row-wise host species.
Host
species

Gossypium
hirsutum

Nicotiana
sylvestris

Capsicum
annuum

Jaltomata
procumbens

Solanum
macrocarpon

Solanum
melongena

Solanum
nigrum

Solanum
lycopersicum

-

1.48

-0.01

0.01

3.30

3.30

2.49

2.71

Nicotiana
sylvestris

0.984

-

-0.01

-2.08

2.66

2.67

1.31

1.68

Capsicum
annuum

1.000

1.000

-

0.01

0.01

0.01

0.01

0.01

Jaltomata
procumbens

1.000

0.775

1.000

-

5.72

5.75

4.27

4.65

Solanum
macrocarpon

0.080

0.361

1.000

<0.001

-

-0.08

-3.70

-2.65

Solanum
melongena

0.080

0.358

1.000

<0.001

1.000

-

-3.99

-2.80

Solanum
nigrum

0.483

0.995

1.000

0.003

0.024

0.008

-

0.96

Solanum
lycopersicum

0.328

0.951

1.000

<0.001

0.371

0.276

1.000

-

Gossypium
hirsutum
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Table B12. Full regression model coefficients and standard errors (S.E.) of zero-inflated
negative-binomial GLM model testing for heterogeneity in fecundity (number of eggs laid in 72
hours) of tomato-selected lines of T. evansi, as a function of host phylogenetic distance (mya)
from S. lycopersicum (replicate lines pooled; see model fixed effects below). Intercept is the
reference value for S. lycopersicum (ASSAY_SPECIES), pre-selection (TIME/start). TIME/end
corresponds to pot-selection observations. No random effects were included in the model. Total
N = 308.
Model factors

coefficients

S.E.

z

P

2.7917
-0.0240
0.2523
-0.0003

0.1398
0.0072
0.1570
0.0064

19.97
-3.34
1.607
-0.04

<0.0001
0.0008
0.1080
0.9651

-1.1920
0.0505
-1.3152
0.5712
1.3216
3.2611
0.5280
0.4738

0.3882
0.5599
0.8456
0.5260
0.5160
0.6595
0.5551
2.0075

-3.07
-0.09
-1.56
1.09
2.56
4.94
0.95
0.24

0.0021
0.9281
0.1199
0.2774
0.0104
<0.0001
0.3416
0.8134

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 7.66
Intercept
PHYLOGENETIC DISTANCE
TIME/end
PHYLOGENETIC DISTANCE × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ PHYLOGENETIC DSISTANCE * TIME
** Model: ~ ASSAY SPECIES
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Table B13. Reduced regression model coefficients and standard errors (S.E.) of zero-inflated
negative-binomial GLM model testing for heterogeneity in fecundity (number of eggs laid in 72
hours) of tomato-selected lines of T. evansi, as a function of host phylogenetic distance (mya)
from S. lycopersicum (replicate lines pooled; see model fixed effects below). Intercept is the
reference value for S. lycopersicum (ASSAY_SPECIES), pre-selection (TIME/start). TIME/end
corresponds to pot-selection observations. No random effects were included in the model. Total
N = 308.
Model factors

coefficients

S.E.

z

P

2.7946
-0.0242
0.2412

0.1233
0.0056
0.1256

22.67
-4.34
1.976

<0.0001
<0.0001
0.0482

-1.1918
0.0506
-1.3155
0.5711
1.3214
3.2608
0.5272
0.4631

0.3882
0.5599
0.8456
0.5260
0.5156
0.6595
0.5549
2.0032

-3.07
-0.09
-1.56
1.09
2.56
4.94
0.95
0.23

0.0021
0.9279
0.1198
0.2775
0.0104
<0.0001
0.3421
0.8172

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 7.66
Intercept
PHYLOGENETIC DISTANCE
TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ PHYLOGENETIC DSISTANCE + TIME
** Model: ~ ASSAY SPECIES
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Table B14. Full regression model coefficients and standard errors (S.E.) of zero-inflated
negative-binomial GLM model testing for heterogeneity fecundity (number of eggs laid in 72
hours) of eggplant-maintained lines of T. evansi, as a function of host phylogenetic distance
(mya) from S. lycopersicum (replicate lines pooled; see model fixed effects below). Intercept is
the reference value for S. lycopersicum (ASSAY_SPECIES), pre-selection (TIME/start; i.e.
continued maintenance on S. melongena). TIME/end corresponds to pot-selection observations.
No random effects were included in the model. Total N = 305.
Model factors

coefficients

S.E.

z

P

2.8042
-0.0122
0.1206
-0.0082

0.1335
0.0075
0.1624
0.0087

21.01
-1.62
0.74
-0.95

<0.0001
0.106
0.458
0.344

-1.1855
-0.1902
-3.1575
0.8324
1.8029
3.5771
1.1273
2.6839

0.3862
0.5673
2.2359
0.5114
0.5118
0.7171
0.5154
0.8351

-3.07
-0.34
-1.41
1.63
3.48
4.99
2.77
3.22

0.0021
0.7374
0.1579
0.1036
0.0005
<0.0001
0.0056
0.0013

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 6.62
Intercept
PHYLOGENETIC DISTANCE
TIME/end
PHYLOGENETIC DISTANCE × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ PHYLOGENETIC DSISTANCE * TIME
** Model: ~ ASSAY SPECIES

136

Table B15. Full regression model coefficients and standard errors (S.E.) of zero-inflated
negative-binomial GLM model testing for heterogeneity in fecundity (number of eggs laid in 72
hours) of tomato-selected lines of T. evansi, as a function of host phylogenetic distance (mya)
from S. melongena (replicate lines pooled; see model fixed effects below). Intercept is the
reference value for S. lycopersicum (ASSAY_SPECIES), pre-selection (TIME/start). TIME/end
corresponds to pot-selection observations. No random effects were included in the model. Total
N = 270.
Model factors

coefficients

S.E.

z

P

2.9911
-0.0377
0.1330
-0.0010

0.0998
0.0057
0.1239
0.0073

29.97
-6.57
1.07
-0.14

<0.0001
<0.0001
0.283
0.892

-2.1436
1.6024
0.9387
0.9387
2.3158
1.5194
-15.510

0.5303
0.6281
0.6594
0.6594
0.6258
0.6523
3630.4

-4.04
2.55
1.42
1.42
3.70
2.33
-0.004

<0.0001
0.0107
0.1546
0.1546
0.0002
0.0198
0.9966

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 4.29
Intercept
PHYLOGENETIC DISTANCE
TIME/end
PHYLOGENETIC DISTANCE × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ PHYLOGENETIC DSISTANCE * TIME
** Model: ~ ASSAY SPECIES
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Table B16. Full regression model coefficients and standard errors (S.E.) of zero-inflated
negative-binomial GLM model testing for heterogeneity in fecundity (number of eggs laid in 72
hours) of eggplant-maintained lines of T. evansi, as a function of host phylogenetic distance
(mya) from S. melongena (replicate lines pooled; see model fixed effects below). Intercept is the
reference value for S. lycopersicum (ASSAY_SPECIES), pre-selection (TIME/start; i.e.
continued maintenance on S. melongena). TIME/end corresponds to pot-selection observations.
No random effects were included in the model. Total N = 268.
Model factors

coefficients

S.E.

z

P

3.0435
-0.0348
0.0714
-0.0143

0.0865
0.0047
0.1181
0.0084

35.17
-7.40
0.60
-1.71

<0.0001
<0.0001
0.5456
0.0882

-3.593
3.273
2.371
2.224
4.201
3.709
-12.290

1.023
1.075
1.098
1.104
1.081
1.087
3350.4

-3.51
3.05
2.16
2.02
3.89
3.41
-0.004

0.0004
0.0023
0.0308
0.0439
0.0001
0.0006
0.9971

CONDITIONAL MODEL *
overdispersion parameter for Type I negative binomial model = 4.16
Intercept
PHYLOGENETIC DISTANCE
TIME/end
PHYLOGENETIC DISTANCE × TIME/end
ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: FECUNDITY ~ PHYLOGENETIC DSISTANCE * TIME
** Model: ~ ASSAY SPECIES
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Table B17. Full regression model coefficients and standard errors (S.E.) of zero-inflated
negative-binomial continuation ratio model testing for heterogeneity in development (size one
week after hatching) in tomato-selected and eggplant maintained lines of T. evansi, as a
function of host phylogenetic distance (mya) from S. lycopersicum (replicate lines pooled; see
model fixed effects below). Intercept is the reference value for Solanum lycopersicum
(ASSAY_SPECIES), pre-selection (TIME/start), for the tomato-selected population
(POPULATION/treatment). TIME/end corresponds to post-selection observations. Total N =
2110.
Model factors

coefficients

S.E.

z

P

CONDITIONAL MODEL *
(log)dispersion parameter for adaptive Gauss-Hermite quadrature rule model = 4.95 (± 0.567 S.E.)
Intercept
COHORT/>=one
COHORT/>=two
COHORT/>=three
TIME/end
POPULATION/control
PHYLOGENETIC DISTANCE
COHORT/>=one  TIME/end
COHORT/>=two  TIME/end
COHORT/>=three  TIME/end
COHORT/>=one  POPULATION/control
COHORT/>=two  POPULATION/control
COHORT/>=three  POPULATION/control
TIME/end  POPULATION/control
COHORT/>=one  TIME/end  POPULATION/control
COHORT/>=two  TIME/end  POPULATION/control
COHORT/>=three  TIME/end  POPULATION/control

-1.5622
-0.8200
0.7301
1.2807
0.3057
0.1910
0.0112
-3.2528
-2.7233
-1.7670
-0.1968
-0.4760
-0.3494
-0.1162
1.3506
0.6875
0.5658

0.0898
0.1584
0.1118
0.1322
0.1200
0.1069
0.0009
0.9583
0.3628
0.2283
0.2248
0.1558
0.1708
0.1667
1.1230
0.5028
0.3161

-17.39
-5.18
6.53
9.14
2.55
1.79
12.55
-3.39
-7.51
-7.74
-0.88
-3.00
-2.05
-0.70
1.20
1.37
1.79

<0.0001
<0.0001
<0.0001
<0.0001
0.0108
0.0739
<0.0001
0.0007
<0.0001
<0.0001
0.3815
0.0027
0.0408
0.4856
0.2291
0.1715
0.0735

-3.6196
-1.3229
-0.1575
-0.1481
-1.8657
-2.7844
-1.4385
-3.4349

0.9772
1.6428
1.6587
1.9323
1.6901
2.4547

-3.70
-0.81
-1.12
-1.44
-0.85
-1.40

0.0002
0.4207
0.2607
0.1496
0.3947
0.1617

ZERO-INFLATION MODEL **
Intercept
ASSAY SPECIES/Solanum nigrum
ASSAY SPECIES/Solanum melongena
ASSAY SPECIES/Solanum macrocarpon
ASSAY SPECIES/Jaltomata procumbens
ASSAY SPECIES/Capsicum annuum
ASSAY SPECIES/Nicotiana sylvestris
ASSAY SPECIES/Gossypium hirsutum

* Model: SIZE ~ COHORT * TIME * POPULATION + PHYLOGENETIC DISTANCE, Random effects = ~1|
DISC; ** Model: ~ ASSAY SPECIES
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Tetranychus urticae
Lygaeus equestris
Lygaeus kalmii
Myzus persicae
Acyrthosiphon pisum
Rhopalosiphum maidis
Aphis fabae
Papilio glaucus
Colias philodice
Ostrinia nubilalis
Rothschildea lebeau
Alsophila pometaria
Lymantria dispar
Helicoverpa armigera
Spodoptera frugiperda
Henosepilachna vigintioctomaculata
Epilachna pustulosa
Acanthoscelides obtectus
Stator limbatus
Callosobruchus maculatus
Ophraella slobodkini
Ophraella notulata
Oreina elongata
Leptinotarsa decemlineata
Deloyala guttata
Cephaloleia placida
Cephaloleia belti
Cephaloleia dorsalis
Cephaloleia dilaticollis

Acari
Hemiptera

Lepidoptera

Coleoptera

Figure C1. Phylogeny of the 29 species of phytophagous taxa included in the meta-analysis of
cross-host genetic correlations. Internode branch-length distances in millions of years (mya)
were based on Hedges et al. (2006) and Hedges and Kumar (2009).
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grand mean (449)
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 2 = 0.036,  2 = 0.089, 2 = 0.053

preference (21)
survival (60)
fecundity (55)
field (18)
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lab (426)

B

Q 2 = 0.3, p = 0.861

not specified (5)

 2 = 0.037,  2 = 0.095, 2 = 0.047

correlation origin
Q 1B

Pearson (426)
Pearson via Spearman (23)

= 0.8, p = 0.372

 2 = 0.037,  2 = 0.085, 2 = 0.05

Geometridae (18)
Saturniidae (12)
Tetranychidae (45)
Pieridae (1)
Lygaeidae (61)

herbivore family
B
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Erebidae (23)
Crambidae (3)

= 39.3, p < 0.001

 2 = 0.038,  2 = 0.033, 2 = 0

Papilionidae (45)
Chrysomelidae (182)
Coccinnellidae (31)
Noctuidae (8)
Aphididae (20)
-1

0
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2

cross-host genetic correlation

Fisher's Z

± 95% CI

Figure C2. Forest plot of effect sizes (Hedges’ d ± 95% CI) for cross-host genetic correlations,
including contrasts for the following moderator groups: response measured, experimental
conditions, origin of correlations, and herbivore taxonomic family. Interpretation of effects is the
same as Chapter 4, Figure 4.1.

142

Egger's test z = 5.62, p = 0

Egger's test z = -0.34, p = 0.7363
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Figure C3. Funnel plots of publication bias that tests the relashionship between variability of
effect sizes (e.g., weights used in meta-analysis; i.e., inverse of variance) as a function of effect
size magnitude and sign (Fisher’s Z), for each of the four effect sizes classes included in the
meta-analysis. Egger’s values are included above each funnel plot as tests for funnel
asymmetry, and significant values indicate evidence for potential research gaps among effect
sizes extracted from the literature.
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